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RESUME

L’intérêt pour l’amplification optique par effet Raman suscite un vif regain d’intérêt en raison de
la nécessité d’accroître rapidement la bande passante dans le domaine des télécommunications,
tant pour les liaisons longues distances que pour les réseaux locaux. Cet engouement s’appuie
sur les récents développements de l’industrie du transport de l’information par fibre optique et
sur l’évolution de la technologie des diodes laser. Par rapport aux amplificateurs par fibres dopés
par des ions terres rares, pour lesquels la gamme spectrale est fixe et limitée, la bande spectrale
de gain Raman est plus large et les longueurs d’onde accessibles sont déterminées uniquement
par la longueur d’onde d’excitation et la largeur spectrale du milieu Raman actif. Dans ce
contexte, les verres inorganiques représentent des matériaux de choix de part leur réponse
spectrale relativement large et la possibilité d’obtention aisée de fibres optiques.
Le travail de thèse décrit les résultats obtenus sur différents verres oxydes qui ont été
synthétisés et caractérisés en vue d’une utilisation comme milieu à gain Raman. Des mesures de
diffusion Raman spontanée, de gain Raman, d’indice de réfraction et d’absorption par une
technique de déflection thermique ont été menées sur ces échantillons vitreux afin d’établir des
corrélations entre les réponses optiques, la composition chimique des matériaux et la structure du
réseau vitreux.
Deux familles de matériaux vitreux ont été explorées: des matrices vitreuses phosphates
pour l’obtention de larges spectres de gain Raman et des matrices tellurites pour atteindre de
forts coefficients d’amplification Raman. Les verres de type phosphate ont été choisis afin
d’atteindre une amplification Raman jusqu’à 1000 cm-1, tandis que les verres tellurites ont été
sélectionnés pour leur fort gain Raman relié à la forte polarisabilité et hyperpolarisabilité de ces
iv

matériaux. Les résultats obtenus lors de la thèse montrent que les matrices phosphates donnent
effectivement accès à des largeurs de bande spectrale de gain Raman jusqu’à 40 THz, ce qui
représente une augmentation d’un facteur 5 par rapport à SiO2. Les verres tellurites, quant à eux,
s’avèrent bien être de bons candidats pour des applications à fort gain Raman discret en
atteignant des coefficients de gain Raman s’élevant à 50 fois ceux obtenus avec SiO2 à 1064 nm.
Bien que les mesures de diffusion Raman spontanée constituent une méthode courante
pour estimer l’amplitude et la gamme spectrale de gain Raman dans les matériaux, en particulier
pour les verres inorganiques, une analyse précise des résultats nécessite de prendre en compte
l’influence de la proximité de la longueur d’onde d’excitation avec la longueur d’onde de
coupure du matériau à la frontière de l’UV et du visible. Une dépendance en fonction de la
longueur d’onde a été mise en évidence ainsi qu’un phénomène de résonance lorsque la mesure
est conduite près du front d’absorption. Cet effet, développé dans le manuscrit, est attribué au
couplage entre les transitions électroniques et les modes vibrationnels.
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ABSTRACT

Interest in Raman amplification has undergone a revival due to the rapidly increasing bandwidth
requirements for communications transmission, both for long haul and local area networks, and
recent developments in the telecom fiber industry and diode laser technology. In contrast to rare
earth doped fiber amplifiers, for which the range of wavelengths is fixed and limited, Raman
gain bandwidths are larger and the operating wavelength is fixed only by the pump wavelength
and the bandwidth of the Raman active medium. In this context, glasses are the material of
choice for this application due to their relatively broad spectral response, and ability of making
them into optical fiber.
This dissertation summarizes findings on different oxide-based glasses that have been
synthesized and characterized for their potential application as Raman gain media. Different
techniques were deployed for characterization purposes, which include primarily spontaneous
Raman scattering measurements, direct nonlinear Raman gain measurements, linear refractive
index measurements, and a photothermal deflection technique for measurement of the absorption
coefficient of these samples, among others.
Two main glass families were investigated: phosphate-based glass matrices for
broadband Raman gain application and TeO2-based glasses for high Raman gain amplification.
A phosphate network was preferred for the broadband application since the phosphate Raman
active modes can provide amplification above 1000 cm-1, whilst TeO2-based glasses were
selected for the high gain application due to their enhanced nonlinearities and polarizabilities
among the other oxide-based network formers. The results summarized in this dissertation show
that phosphate-based glasses can provide Raman amplification bandwidths of up to 40 THz, an
vi

improvement of almost 5 times the bandwidth of SiO2. On the other hand, tellurite-based glasses
appear to be promising candidates for high gain discrete Raman applications, providing peak
Raman gain coefficients of up to 50 times higher than SiO2, at 1064 nm.
Although, visible spontaneous Raman scattering cross-section measurement is the most
frequently used tool for estimating the strength and spectral distribution of Raman gain in
materials, especially glasses, there are some issues that one needs to be aware when conducting
these measurements near the absorption band edge of the material. This led to the detection of an
inherent frequency-dispersion in the Raman susceptibility and a resonant enhancement
phenomenon when measurements were conducted near the absorption edge of the material. This
effect is caused by a coupling between the electronic and vibrational modes, as it will be
discussed in details in this dissertation.
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CHAPTER ONE: INTRODUCTION
The demands for high speed communication and the expected overload of data
traffic requires the existing telecom window, currently operating in the C and L bands, to
expand over a wider range of wavelengths as shown in Figure 1.1. Such expansion to
broader bandwidth would provide access to an additional number of channels allowing
increased transmission of optical data along the optical fiber. Due to this fact, new
amplification media are crucial to provide amplification of the optical signal in the
network. This drive towards new amplification mechanisms results from increasing
bandwidth demands and the need for faster and more cost efficient transmission of data in
short and long haul networks. This in turn requires an enhanced fiber transmission
window, which until recently has been limited by the water absorption peak at around 1.4
μm. However, new improvements in the fiber optic industry have been achieved, with the
advent of the AllWave fiber, the first full spectrum fiber designed for optical transmission
over the entire telecom window of 1260 nm to 1675 nm (Figure 1.1) [Re,99].

Figure 1. 1. Telecommunication window for amplifiers. AllWave fiber.
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Despite these advances, as information is transmitted along the optical fiber, the
data signal still becomes depleted due to intrinsic losses in the fiber. Hence, an
amplification tool is necessary to provide amplification of the signal in the network.
Today, Erbium-doped fiber amplifiers (EDFA) are considered the primary means of
amplification in existing optical networks; however, EDFAs are restricted to
amplification in the C and L telecom bands [De,02]. This leaves Raman amplifiers as one
of the main mechanisms available for amplification throughout the entire telecom
window, given that the amplification bandwidth and position of the gain spectrum of a
Raman amplifier is determined only by the pump laser and the Raman active modes of
the gain media [Is,02].
Presently use of Raman amplification in current telecom networks, for long-haul
communications, utilizes silica and germanium-doped silica fibers as the gain media, due
to their good figure of merit (i.e. trade-off between gain and loss) [Se,00] and
compatibility with existing optical network components. Nonetheless, silica fibers have a
limited usable bandwidth of ~5 THz, and a low Raman gain coefficient (gR≈0.9x1013

m/W @ 1μm) as compared to other oxide glasses. Conversely, requirements for local

area networks demand for broad bandwidth, high gain materials in which low loss is
desirable but not a critical issue. The motivation behind this type of application is driven
by discrete Raman amplification, also referred to as “Raman-in-a-box” [Sc,01]. Due to
this fact, new materials are being investigated for their Raman gain performance, as
candidate replacements for SiO2.
Consequently, this enhancement to the telecom window and the development of
high power diode lasers in the 1400’s nm range has motivated the search for new
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materials as Raman amplification media. Attractive candidate Raman gain materials
should possess flat-broadband gain that spans the telecommunication window. The
purpose of these materials is to allow amplification over a broad frequency range, without
having to cascade multiple lasers at different wavelengths to achieve the same spectral
window of amplification [Is,02]. These new materials should possess a broadband
amplification window and high gain coefficients to allow minimization of cost and
components in the optical network. Of equal importance however, are crucial factors such
as: optical losses, photosensitivity, damage threshold, compatibility with existing telecom
elements, etc., which must be taken into consideration to provide the best figure of merit
available for a candidate material and its desired application. As a rule of thumb, the
figure of merit (FOM) or performance of a Raman amplifier can be expressed in terms of
the trade between the dimensionless-gain parameter ( G R = g R

PP
L ) and linear loss (α),
Aeff

given by
FOM ∝

GR

α

,

where gR is the Raman gain coefficient, PP is the pump power, Aeff is the effective area,
and L represents the length of the fiber.
The aim of this research has focused on identifying individual glass systems
suitable for each of these distinct system needs. The goal of the study is to understand
how the structural properties are correlated to the linear and nonlinear optical properties
of the material; and consequently, find the optimum trade off between the material
molecular structure and stability versus optical properties, in order to find a way to
optimize the Raman gain performance. At the end of the study, we will demonstrate how
3

compositional optimization of the engineered glass structures can result in high gain, low
loss materials for next generation Raman gain applications.
Recent results have shown that tellurium oxide-based glasses exhibit peak Raman
gain coefficients of up to 50 times greater than fused silica [St,05]. These materials are
attractive for use in high gain applications with moderate bandwidth. Another set of
glasses containing borophosphate-glass matrices, have been selected for their overall
broadband spontaneous Raman spectral response. This glass family provides a more
uniform / flat spectral gain response that spans over 1300 cm-1 (~40 THz) [Ri,05].
This dissertation discusses results obtained on novel oxide-based glass
compositions that have been fabricated and characterized for their Raman gain
applications. The outline of the dissertation is as follows: chapter two summarizes the
background information and theory. Chapter three illustrates the experimental techniques,
which include glass processing as well as the chemical, physical, and optical
characterization tools. The subsequent chapters discuss the main findings: chapter four
discusses the results obtained on phosphate-based matrices that have been engineered for
broadband Raman gain applications, while chapter five shows the findings on different
tellurite-based glasses for high Raman gain applications. Finally, chapter six
demonstrates the dispersion of the Raman hyperpolarizability tensor and a resonance
enhancement effect when the Raman measurements are conducted near the absorption
edge of the glass. Following chapter six, a general conclusion and summary of all the
findings is given.
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CHAPTER TWO: BACKGROUND INFORMATION
2.1

Historical Background
The (spontaneous) Raman scattering process was first discovered by C.V. Raman

in 1928, for which he received the Nobel Prize in 1930 [Ra,28]. More than three decades
later, stimulated Raman scattering was discovered by Woodbury and Ng in 1962
[Wo,62], but it was not until 1973 that the first experimental evidence of stimulated
Raman process, or Raman amplification in an optical fiber was actually observed by
Stolen and Ippen [St,73].
Raman amplification, or Raman gain, is a nonlinear optical process that is based
on the stimulated emission of a photon at a frequency that is down-shifted by the
vibrational modes of a medium. From a classical mechanics point of view, the Raman
gain process is described by the imaginary part of a nonlinear susceptibility χ(3), in which
a signal beam gets amplified by a pump beam, given that the difference in energy
between the two beams goes into the vibrational modes of the Raman gain medium. From
a quantum mechanics prospective, the process is described by the excitation of an
electron to an intermediate state by an incident photon (pump beam), and, as the electron
drops back down to a lower energy level, the stimulated emission of a photon will occur,
giving rise to a Stokes transition.
Even in the early days of fiber optics [Sc,01], the fundamental advantages of
Raman amplifiers were evident. One is the low noise figure and the other is the arbitrary
gain bandwidth. However, the main limitations of fused silica Raman amplifiers were
also clear: the high power pump requirement, low power conversion efficiency as
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compared to erbium-doped fiber amplifiers (EDFA), and small peak Raman scattering
cross-section of glasses as compared to crystals and liquids [Ba,99]. Nonetheless, a large
number of glass families were studied during the 1970s and 1980s with the purpose of
increasing the scattering cross-section [Ga,78],[Li,87],[Li2,87],[Mi,88]. Among the main
glass families studied were silica, germanium-doped silica glasses, and multi-component
glasses such as heavy metal oxide glasses. However, this work primarily remained as a
research activity, and it was not until the mid- to late 1900s that Raman amplifiers began
to be deployed in the optical networks, driven by the commercial availability of high
power pump diode lasers in the 1400’s nm wavelength range [Sc,01]. Moreover, another
recent breakthrough in fiber telecom industry was achieved with the introduction to the
market of the new AllWave fiber [Re,99], which has opened up the available bandwidth
to span form 1260 to 1675 nm, leaving Raman amplifiers as one of the main mechanisms
available for amplification throughout the entire telecom window. These advances in the
telecom and optical fiber industries have motivated the search for new and improved
Raman amplifiers to be used in current telecom networks and wavelength-divisionmultiplexed (WDM) transmission systems [Is,02],[Di,02],[Na,01].
Traditionally, there are three main types of Raman amplifiers. The first category
is distributed Raman amplifiers. In this case, the gain is accomplished along the
propagation throughout the optical fiber itself; hence, the trade-off between the gain and
the optical losses becomes an essential factor to achieve high performance. This category
can further be expanded into cascaded or diode pumped distributed Raman amplifiers,
respectively. Such Raman amplifiers are primarily used in the long-haul network
systems. The second category is discrete Raman amplifiers, also known as Raman-in-a-
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box. These Raman amplifiers are typically used in local, metro area networks. These
types of amplifiers require a gain medium with high gain coefficients and broad
bandwidth; and in this case, low loss is a desirable property but not a crucial issue. The
last type of application is Raman fiber lasers, in which the device operates as a typical
laser system [Di,02].
From a search of the literature, it is evident that the main choice of Raman gain
media has been fused silica and germanium-doped silica glasses [Ch,97],[Se,00],[Th,00],
[Br,02]. Silica fibers and germanium-doped silica fibers are currently deployed in
industry as Raman gain media. In fact, fused silica has been, for the past decade, the key
material used for long haul transmission of optical signals because of its good optical
properties, and attractive figure of merit (i.e. trade-off between Raman gain and losses).
However, one of the main disadvantages of fused silica is its limited usable bandwidth
for Raman amplification of about 5 THz. With current telecom demands, the transmission
of data over larger bandwidths is becoming a crucial factor; consequently, new materials
which possess both large Raman gain coefficients with broad bandwidth will be required
to satisfy these increasing demands.
Heavy metal oxide glasses have been previously proposed for Raman gain
applications due to their enhanced nonlinearity and transparency over the telecom
window [Mi,88],[Pa,95]. A phosphosilicate Raman fiber amplifier has been developed
with peak Raman gain of 40 dB at 1.3 μm [Di,97],[Di,98]. Tellurite fiber has been
previously evaluated for its high Raman gain performance (gain over 10 dB) with relative
low loss of 20 dB/km, however no compositional information on this glass was provided
[Mo,01]. More recent work in this area has been performed in chalcogenide (ChG) fibers

7

(As2S3 and As-Se fibers), providing reported Raman gain coefficients of up to 800 times
that of SiO2 [As,95],[Th,03],[Sl,04]. Other glass families have been recently reported in
the literature, which primarily includes TeO2-based glasses for high gain applications
[St,03],[Da,04],[Pl,05],[St,05],[Se,05] and multi-component glasses for broadband
application [Ri,05]. A more recent breakthrough in this technology was achieved with the
development of a planar chip silicon Raman laser providing a net Raman gain coefficient
of 10,000 times fused silica over a very narrow bandwidth [Ro,05].

2.2 Theoretical Background
2.2.1 Spontaneous Raman Scattering

Figure 2.1 shows a schematic representation of a 900-geometry and a
backscattering (1800)-geometry spontaneous Raman scattering process.
ωS

ωS

(a)

(b)
ωP
ωP

Raman-active Medium

Raman-active Medium

Figure 2. 1. Schematic representation of a 900 (a) and backscattering-geometry (b) spontaneous Raman
scattering process

In this process, a photon at a frequency ωP is absorbed by a Raman active
medium, causing a transition from an initial state |g> to a final state |S> (a) or |g> to |AS>
(b), emitting another photon at a frequency ωS (Figure 2.2).
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|i>

|i>

(a)

(b)
ħωP (kP)

ħωS (kS)

ħωP (kP)

ħωS (kS)

|S>
Ω
|g>

|g>
Ω

|AS>

Figure 2. 2. Stokes (a) and Anti-Stokes (b) Raman transitions

Figure 2.2 (a) shows a Stokes scattering transition, where ωP > ωS, and

ω p − ω s = Ω ≅ Ω β , where Ωβ is the phonon frequency and Ω is the frequency shift. This
corresponds to a Raman transition from the initial state |g> to a final state |S>.
Figure

2.2

(b)

illustrates

the

Anti-Stokes

transition

(ωP < ωS) and

ω p − ω s = −Ω ≅ −Ω β , which corresponds to a Raman transition from |g> to |AS>. Note
that conservation of energy requires h ω P − ω S = E g − E S = E g − E AS = hΩ ≅ hΩ β ,
which represents the Raman transition of the molecule.
For a single Raman-active optical phonon mode, its displacement is given by
qβ =

1
Qβ exp[iΩ β t − Γβ t ] + c.c. ,
2

(2. 1)

where Qβ , Ωβ and Γβ are the maximum vibrational displacement, the phonon frequency
and the inverse decay constant or vibrational lifetime, respectively. An excited
vibrational mode induces a change in the molecular polarizability α ijβ of the form
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β

δα ij =

δα ij = ∑
β

or

β

where

∂α ijβ
∂qβ

∂α ijβ
∂q β

∂α ijβ
∂q β

| qβ =0 q β

Qβ cos[Ω β (t − t 0 ) + φ β ]exp[− Γβ (t − t 0 )], t > t 0 ,

(2. 2)

|q β = 0 is the Raman susceptibility tensor, (i.e. it describes the strength of the

phonon-light coupling), and φ β is the phase of the phonon mode. In the case of
spontaneous Raman scattering, the phonon modes are excited by thermal noise and are
uncorrelated from molecule to molecule and between different vibrational modes in the
same molecule so that φ β is a random variable. In this case, due to the statistical nature of
the mode excitation
< Qβ Qβ* >=

h
mβ Ω β

1
− hΩ β
1 − exp[
]
kT

(2. 3)

for the case in which a phonon is created (Stokes scattering), and
h
< Qβ Qβ >=
mβ Ω β

exp[

− hΩ β

*

1 − exp[

]
kT
− hΩ β
kT

(2. 4)

]

for the Anti-Stokes case, in which a phonon is annihilated. Here mβ is the effective mass
for the vibration and the expressions contain the usual Boltzman factor.
For Raman scattering from a single molecule, the frequency spectrum is given by
I β (ω s )
ΔΩI (ω p )

=

∂α β
hΩ β −1
ω s4
h
sin 2 φ |
| qβ =0 | 2
[1 − exp(−
)]
4
2 2
mβ Ω β
kT
∂q β
8c (4π ) ε 0

⎧⎪
Γβ _ FWHM / 2π
Γβ _ FWHM / 2π
hΩ β
)
×⎨
+ exp(−
2
2
kT (ω p − ω s − Ω β ) 2 + Γβ2 _ FWHM
⎪⎩ (ω p − ω s + Ω β ) + Γβ _ FWHM
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⎫⎪
⎬,
⎪⎭

(2. 5)

where ΔΩ is the solid angle subtended at the detector and φ is the scattering angle. If
there are multiple different Raman-active vibrations which contribute to the scattered
mol % β ρA# ⎞
⎛
⎟⎟ , where ρ
light, and the number density of the different species is Nβ ⎜⎜ N β =
M
⎠
⎝

is the glass density, M is the molar weight, and A# is Avogadro’s number (A#=6.02x1023
molecules/ mol), then the total scattered intensity becomes
I (ω s ) = ∑ N β I β (ω s ) .

(2. 6)

β

In other words, the intensity spectra due to scattering from different vibrational modes are
simply added together [Ho,85].
2.2.2 Stimulated Raman Scattering (Raman Gain)

Stimulated Raman scattering (SRS), or Raman gain, is a two-photon stimulated
process that grows from spontaneous Raman emission [He,63]. Figure 2.3 shows a
schematic representation of the Raman gain process.

ωP

ωS

Raman-active Medium
Figure 2. 3. Schematic representation of the Raman gain process

From an optics point of view, a two-photon transition is a third-order nonlinear
process. Hence, stimulated Raman scattering can be described as a third-order wave
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coupling between the pump and the Stokes waves. The nonlinear wave equations take the
form
r
ω P2 r
ω P2 r ( 3)
∇ × (∇ × E P ) − 2 ε P E P = 2 P (ω P )
C
C

(2. 7)

r
ω S2 r ω S2 r (3)
∇ × (∇ × E S ) − 2 ε S E S = 2 P (ω S )
C
C

(2. 8)

Here P(3) represents the third order nonlinear polarization. Recall that the macroscopic
polarization is given by

(

Pi = ε 0 χ ij E j + χ ijk
(1)

( 2)

)

E j E k + χ ijkl E j E k El + ...
( 3)

(2. 9)

The first term in Eqn. 2.9 represents the linear polarization (PL) and the second
and third terms represent the second (P(2)) and third-order (P(3)) nonlinear polarization
(PNL) components respectively. In the case of glasses, their average centro-symmetric
structure forbids the existence of the second-order nonlinear susceptibility χ(2) (i.e.
χ(2)=0) and, therefore, the main term responsible for the nonlinear response in amorphous
materials is the third-order nonlinear susceptibility, χ(3).
For simplicity, if we consider the special case of an isotropic medium (i.e.
glasses), where EP and ES have the same polarization direction, then the nonlinear
polarizations can be expressed as

(

)

(2. 10)

(

)

(2. 11)

r
r
P (3) (ω P ) = ε 0 χ P(3) E P2 + χ R(31) E S2 E P
r
r
P (3) (ω S ) = ε 0 χ R(32) E P2 + χ S(3) E S2 E S

From Eqns. 2.10 and 2.11, we can see that the quantities χR1 and χR2 are
responsible for the coupling between EP and ES in Eqns. 2.7 and 2.8. These two
quantities, known as the Raman susceptibilities, are responsible for the Raman gain
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process. On the other hand, the terms χP(3) and χS(3) have no direct effect on the Raman
process, since they only act to modify the dielectric constants εP and εS, and hence
contributing to self-focusing, field-induced birefringence, self-phase modulation, etc. Due
to this fact, these quantities can be neglected in the analysis of the Raman gain process, as
discussed in reference [Sh,84].
Although in practice all of the beams have finite cross-sections, here for
simplicity we will assume plane waves. For the case of plane wave propagating along z,
the field takes the form
E Pi =

1
Ε Pi 0 exp(iω p t − k p z ) + c.c. ,
2

(2. 12)

where EPi is the incident (pump) field of frequency ωp and wavevector kp, and similarly
the Raman signal (or scattered) field takes the form
E Si =

r r
1
Ε Si 0 exp(iω s t − k s .r ) + c.c. ,
2

(2. 13)

where in this case ωs is the signal (scattered) frequency, ks is the signal (or scattered)
wavevector which lies along the z-axis for Raman gain (Figure 2.3) and, for example, for
900 scattering lies along the x-axis (Figure 2.1 (a)). Notice that in the Raman gain case,
the gain occurs in the overlap region between the co-propagating beams where-as in the
spontaneous Raman scattering case light is scattered into all directions, and the scattering
volume is defined by the light gathering optics.
Assuming the slowly varying envelope approximation (SVEA), the nonlinear
wave equations 2.7 and 2.8 can be reduced to
⎛ ω ⎞ ( 3)
2
⎛ ∂ αP ⎞
⎜ +
⎟ E Pi 0 = i⎜⎜ P ⎟⎟ χ R E S E Pi 0
⎝ ∂z 2 ⎠
⎝ 4n P C ⎠

13

(2. 14)

⎛ ω ⎞ ( 3)
2
⎛ ∂ αS ⎞
⎜ +
⎟ E Si 0 = i⎜⎜ S ⎟⎟ χ R E P E Si 0 ,
⎝ ∂z 2 ⎠
⎝ 4n S C ⎠

(2. 15)

where αP and αS represent the attenuation coefficients at the pump and Stokes
wavelengths, respectively.
Classically, one can treat the Raman scattering process for a simple diatomic
molecule, by approximating the binding effect of the electronic charge distribution by a
spring between its nuclei [Bo,92]. From a simple harmonic oscillator model (SHO)
prospective, the vibration of an electron with the nuclei about its equilibrium position is
given by
d 2 qβ
dt 2

+ Γβ

dq β
dt

+ Ω 2β q β =

Fq
mβ

,

(2. 16)

where qβ represents the normal coordinate position with respect to the equilibrium
position, Γβ represents the damping of the normal mode, Ωβ is the resonant vibrational
frequency, and Fq is the force driving the mode vibration.
The intensity of the Raman signal depends on the change of polarizability of the
material during the vibration of the molecules. For a linear molecule, with N atoms, the
number of possible vibrations is (3N-5), while for nonlinear molecules it is (3N-6). The
fundamental relation between the incoming electric field E, and the induced dipole
moment P, is
r
r ⎛ β ∂α ijβ
⎞r
β
P = α ij E = ⎜ α 0 ij +
| qβ =0 q β ⎟ E .
⎜
⎟
∂q β
⎝
⎠
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(2. 17)

As given before, α ijβ represents the polarizability tensor, and E is the total field. In the
case of Raman gain, the perturbation of the molecular polarizability causes a nonlinear
interaction, in which the driving force, Fq, takes the form
β

1 ∂α ij
Fq =
2 ∂q β

EE

(2. 18)

qβ =0

hence, the solution of Eqn. 2.16 is given by
β

qβ =

1 ∂α ij
2m ∂q β

EE
q =0

1
+ c.c .
Ω β − Ω 2 − iΩΓβ
2

(2. 19)

In the case of the stimulated Raman scattering process, the nonlinear polarization
takes the form

P

NL

= Nβ

∂α ijβ
∂q β

r
qβ E ,

(2. 20)

q =0

thus, one can substitute in the results from Eqn. 2.20 with the appropriate EE field
product into Eqns. 2.10 and 2.11 respectively, to determine the Raman contribution to the
nonlinear susceptibility χ(3).
Using this approach, one can formulate an effective χeff(3) that can be employed in
the slowly varying envelope approximation (SVEA) (Eqns. 2.14 and 2.15). Hence,
considering negligible absorption (α=0), SVEA gives the growing field at frequency ωs
as
N β ω s ∂α ijβ
d
Ε β (ω s ) = i
| qβ =0 q β* Ε(ω p )
dz
4ns cε 0 ∂q β

which leads to
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(2. 21)

Ω 2β − Ω 2 − iΩΓβ _ HWHM
N β ωs
∂α β
d
2
Ε β (ω s ) = i
|
| q =0 |
I (ω p )Ε β (ω s ) .
dz
8m β n s n p c 2 ε 02 ∂q β β
(Ω 2β − Ω 2 ) 2 + Ω 2 Γβ2 _ HWHM

(2. 22)

The imaginary part of χeff(3) gives the Raman gain, and the real part the
accompanying dispersion in the refractive index. Solving for the real part of Eqn. 2.22
gives
Ε β (ωs , z ) = Ε(ωs ,0) exp[

g R (Ω )
I (ω p ) z ] ,
2

(2. 23)

so that the Raman gain coefficient (defined by Iβ (ωs,z)= I(ωs,0)exp[gRI(ωp)z]) is
g R (Ω ) =

N β ω sπ
2m β n s n p c ε
2

2
0

|

∂α β
∂q β

| qβ =0 | 2

ΩΓβ _ HWHW / 2π
(Ω β − Ω 2 ) 2 + Ω 2 Γβ2 _ HWHM

.

(2. 24)

2

Since the signal field is proportional to the phonon amplitude, and the phonon
amplitudes are driven coherently by the mixing of optical fields, the total signal field
growth is given by
Ε(ω s ) =

∑β Ε β (ω

s

).

(2. 25)

Likewise, the complementary equation for the coupling between the pump and
signal fields, is given by
Ω 2β − Ω 2 − iΩΓβ _ HWHM
∂α β
N βωP
d
2
Ε β (ω P ) = −i
|
|
|
I (ω p )Ε β (ω P ) .
q =0
dz
8m β n s n p c 2 ε 02 ∂q β β
(Ω 2β − Ω 2 ) 2 + Ω 2 Γβ2 _ HWHM

(2. 26)

Equations 2.22 and 2.26 can be rewritten in terms of the of pump intensity Ip and
Stokes light intensity IS (also described as the signal intensity), yielding
dI S
= g'R I P I S − α S I S
dz

(2. 27)

dI P
ω
= − P g 'R I P I S − α P I P
dz
ωS

(2. 28)

and
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In Eqns. 2.27 and 2.28 the 1/λ dependence is factored out from the g’R
formulation. Nonetheless, as will be proven later, there is still a dispersion dependence
(excluding nS and nP) in the Raman gain coefficient, which is inherent to the
hyperpolarizability tensor itself.
In order for a material of choice to be useful as a Raman gain media, the gain
must overcome the losses in the system, (i.e. the product of gR⋅IP needs to be greater than
αS). When this condition is satisfied, there is overall gain in the system, and it can be
used as an optical amplifier.
For the special case where pump depletion is neglected, an analytical solution can
be easily obtained. Assuming that I p ( z ) = I p (0) exp(−α p z ) , the solution of Eqn. 2.27 is
given by

I S ( L) = I S (0) exp( g R I P (0) Leff − α S L) ,

(2. 29)

where Leff is the fiber effective length defined as
Leff =

1 − exp(−α p L)

αp

.

(2. 30)

Assuming αs=αp=0, the Raman gain coefficient yields
gR =

⎛ I ( L) ⎞
1
⎟.
ln⎜⎜ s
I P (0) L ⎝ I s (0) ⎟⎠
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(2. 31)

2.2.3 Spontaneous Raman Scattering versus Raman Gain in Glasses

The analysis described above considers only the natural linewidth for the phonon
decay process, in other words, the homogeneous case. However, in the case of
amorphous materials (i.e. glasses), which is the main topic of this investigation,
inhomogeneous broadening needs to be included, due to the disordered nature of glassy
state.
Let’s consider a distribution for the Raman-active species which gives rise to the
vibration β of the form f(Ωβ-Ωβ0), in which the distribution peaks at Ωβ0 with a total
species number density Nβ0, so that the number density in a frequency interval dΩβ is
given by
N β 0 f (Ω β − Ω β 0 )dΩ β
∞

∫ f (Ω β

with

(2. 32)

− Ω β 0 )dΩ β = 1 .

0

If follows that the spontaneous Raman spectrum is given by
∞

I (ω s ) = ∑ N β 0 ∫ f (Ω β − Ω β 0 ) I β (ω s )dΩ β ,
β

(2. 33)

0

and the Raman gain spectrum by
∞

g R (Ω ) = ∑ N β 0 ∫
β

0

ωs
4m β 0 n s n p c ε
2

2
0

|

∂α β 0
∂q β 0

| q β 0 = 0 | 2 f (Ω β − Ω β 0 )

ΩΓβ _ HWHM
(Ω β − Ω 2 ) 2 + Ω 2 Γβ2 _ HWHM
2

dΩ β .

(2. 34)

It is generally believed that the breadth ΔΩβ of f(Ωβ-Ωβ0) is governed by the
distribution of the vibrational frequencies Ωβ due to disorder in glasses. In the usually
accepted limit ΔΩβ >> Γβ, these expressions can be simplified noting that
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Γβ _ FWHM / 2π
(ω P − ω S + Ω β ) 2 + Γβ2 _ FWHM

≅ δ (Ω − Ω β ),

(2. 35)

then the integral in Eqn. 2.33 gives, for ω p − ω s = Ω
∂α β 0
I (ω s )
ω4
h
= ∑ N β 0 4 s 2 2 sin 2 φ |
| qβ 0 =0 | 2
ΔΩI (ω p ) β
∂q β 0
mβ 0 Ω
8c (4π ) ε 0
× [1 − exp(−

hΩ β 0

kT

(2. 36)

)]−1 f (Ω − Ω β 0 ),

for the spontaneous Raman spectrum. Conversely, if ΔΩβ << Γβ, Eqn. 2.5 is recovered.
Furthermore, if neither of these limits is valid the spectrum can be complicated, with the
largest deviation from the two limits occurring when ΔΩβ ≈ Γβ. In that case, Eqn. 2.33
must be evaluated numerically.
The situation is somewhat more complex in the case of the Raman gain. The Ωdependent term can be re-written as
ΩΓβ _ HWHM / 2π
(Ω 2β − Ω 2 ) 2 + Ω 2 Γβ2 _ HWHM

=

ΩΓβ _ HWHM / 2π
(Ω β − Ω) 2 (Ω β + Ω) 2 + Ω 2 Γβ2 _ HWHM

(2. 37)

and in the limit ΔΩβ >> Γβ, to a good approximation in the resonant denominator
Ω β + Ω ≅ 2Ω β and Ω 2 ≅ Ω 2β so that
ΩΓβ _ HWHM / 2π
(Ω β − Ω ) + Ω Γβ _ HWHM
2

2 2

2

2

≅

Γβ _ HWHM / 4π
Ω
Ω
≅
δ (Ω − Ω β ) .
2
2
2
2Ω β (Ω β − Ω) + (Γβ _ HWHM / 2)
2Ω 2β

(2. 38)

Now the integral in Eqn. 2.34 can be performed and gives
g R (Ω ) = ∑
β

N β 0ω s π
2m β 0 n s n p c ε
2

2
0

|

∂α β 0
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∂q β 0

| qβ 0 =0 | 2

1
f (Ω − Ω β 0 ) .
2Ω

(2. 39)

Similarly to the spontaneous case, if ΔΩβ << Γβ, then Eqn. 2.24 is recovered;
otherwise, if neither of these limits is valid and ΔΩβ ≈ Γβ, then in this case, Eqn. 2.34
must be evaluated numerically.
Nonetheless, the simulation of the spontaneous and stimulated Raman spectra of
an arbitrary Raman-active mode indicates that, even in the limit where the breadth of the
distribution ΔΩβ associated with different vibration frequencies is ΔΩβ ≈ Γβ, i.e. in which
the convolution of the Raman response function and the inhomogeneous distribution
(assumed to be a Gaussian lineshape) must be performed, the two responses are almost

Normalized Intensity

identical, as illustrated in Figure 2.4.

Wavenumber (cm-1)

Figure 2. 4. Simulation of a Gaussian function (black) convolved with the SR response function (magenta)
and the RG response function (cyan). SR convolution (red) and RG convolution (blue) for Γβ = ΔΩβ = 20
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However, there are still physical differences between the spontaneous and
stimulated Raman processes. The main difference between the two processes is that
spontaneous Raman scattering is a linear, incoherent process, where the vibrations are
driven by thermal noise, while stimulated Raman scattering is a nonlinear process, and
the scattered fields due to each individual Raman mode add coherently to the overall
field. Also, as shown in Figure 2.4, the Raman gain response function is asymmetric, and
its maximum value is slightly shifted with respect to the spontaneous Raman scattering
process, as seen by the inserted graphs in Figure 2.4. However, these discrepancies are
minor, and the two spectra are almost identical. Other differences between the two
processes are the ω s -dependence which goes as ω s4 for the spontaneous case versus ω s
for Raman gain. Another fundamental difference between the two processes, which
becomes important when corrections from measurement wavelengths to operating gain
wavelengths are needed, is the wavelength dispersion dependences of the two
2

β

mechanisms. Both processes are proportional to

∂α ij
∂q β

, which to first order
qβ =0

approximation contains the dispersion associated with (n 2 − 1) 2 . Hence, the wavelength
dispersion dependence of the spontaneous Raman scattering process is equivalent
to ( n 2 − 1) 2 , and for Raman gain it is

(n 2 − 1) 2
. These corrections become particularly
n2

important when measurements are made close to the absorption band edge of the material
under examination, which is usually the case for spontaneous Raman measurements that
are conducted in the visible range [St,73],[St,00].
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2.2.4 Raman Gain Estimation from Spontaneous Raman Scattering Cross-Section
Measurements

As predicted by Hellwarth in 1963, there is a relation between spontaneous and
stimulated Raman scattering processes [He,63],[He,75]. The results of this derivation are
presented in [Bo,92], where the Raman gain coefficient (gR [cm/W]), also known as the
gain factor, is given by
g R [cm

W

]=

4π 3 NC 2
hω S2ω P n S2

⎛ ∂ 2σ ⎞
⎜⎜
⎟⎟ ,
⎝ ∂ω∂Ω ⎠

(2. 40)

where N is the number density of molecules, ωS and ωP are the Stokes (signal) and pump
(laser) frequencies respectively, nS is the refractive index at the Stokes wavelength, and
∂ 2σ
is defined as the differential spontaneous Raman scattering cross-section.
∂ω∂Ω

The spontaneous Raman cross-section can be obtained from the absolute
measurement of the Raman scattered intensity I(ωS) of a given Raman-active mode, Eqn.
2.5, after correction for Fresnel reflection and internal solid angle as given in
[Ka,71],[Ga,78].
Hence, taking into account the Fresnel transmission coefficient at the air-glass
boundary and the effect of refraction on the solid angle subtended at the detector for a
typical Raman scattering experiment, the ratio of the peak intensity of a Raman scattered
line I βk ,r (ω P − Ω kβ ) in air (at the detector) due to the β’th normal mode of the k’th species
(in the glass) to the incident intensity Iinc(ωP) in air, at frequency ωP is given by [Ri2,05]
I βk ,r (ω P − Ω kβ )
I inc (ω P )ΔΩ

=K

k ,r
SR

(ω P − Ω β )
k

4

[1 − R(ω P )][1 − R(ω P − Ω kβ )]
[n(ω P − Ω β )]
k
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2

|

∂α ijk ,r (ω P − ω k ,r )
∂Qβ

k

|2 .

(2. 41)

Here ΔΩ is the solid angle, Ω kβ is the frequency shift of the Raman peak from the laser
⎛
[n(ω ) − 1] 2
frequency, R is the reflectance coefficient ⎜⎜ R (ω ) =
[n(ω ) + 1] 2
⎝

⎞
⎟⎟ at normal incidence, and
⎠

the [n(ω P − Ω β )]2 in the denominator is a consequence of the solid angle correction. Eqn.
2.41 shows all of the explicit dependence on frequency, and all of the phonon and
electromagnetic parameters, including the Bose-Einstein thermal population factor, are
k , r . For completeness, the dependence of the Raman gain
contained in the constant K SR

coefficient (defined for the pump intensity) on frequency is given by
g R β (ω P − Ω β ) = K
k ,r

k

k ,r
RG

(ω

P

− Ω rβ

)

n(ω P − Ω β )n(ω P )
r

|

∂α ijk ,r (ω P − ω k ,r )
∂Qβ

k

|2 ,

(2. 42)

k,r
where K RG
is a constant that contains all the phonon and electromagnetic constant
k , r . When all of the experimental details are taken
parameters and is different from K SR

into account, it is therefore possible to evaluate the Raman gain coefficient from the
spontaneous Raman spectrum, at the same excitation frequency. The detailed relationship
is
g R β (ω P − Ω rβ ) =
k ,r

k ,r
n(ω P − Ω rβ )
I βk ,r (ω P − Ω rβ )
K RG
.
k ,r
r 3
r
I
(
ω
)
ΔΩ
K SR
ω P − Ω β n(ω P )[1 − R (ω P )]1 − R (ω P − Ω β ) inc P

(

[

)

]

(2. 43)

Although the Raman susceptibility also exhibits dispersion with frequency, it is
not á priori the same as the refractive index dispersion because not all of the vibrational
modes couple (modulate) equally to the molecular polarizability [Ri2,05]. If there is one
dominant peak in the Raman spectrum due to coupling to a dominant electronic transition
(responsible for the dispersion in the refractive index in the wavelength range of interest),
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then, assuming that the resonant enhancement in the susceptibility ∂α ijk ,r (ω P − ω k ,r ) / ∂Qβk
for frequencies below the band edge is linearly proportional to the resonant enhancement

(

)

in α ijk ,r (ω P − ω k ,r ) , this enhancement is approximated by n 2 (ω S ) − 1 . This correction has
been proven to work in the case of fused silica [St,73],[St,00]. In fact, usually only a
limited number of electronic transitions are important, as is well-known from typical
absorption spectra.
Thus, standard spontaneous Raman spectroscopy can be deployed to estimate the
strength of the Raman gain response of the material, using the relationship derived in
Eqn. 2.43. Finally, the Raman gain spectrum parallels the spontaneous Raman spectrum
after the appropriate Bose-Einstein correction factor is applied to the spontaneous Raman
k , r , as previously described) [St,73]. The explicit
spectrum (implicit in the constant K SR

Bose-Einstein correction to the spontaneous Raman scattering intensity is
gR ∝

⎡ ⎛ hυ ⎞ ⎤
where nBE (υ , T ) = ⎢exp⎜
⎟ − 1⎥
⎣ ⎝ kT ⎠ ⎦

IS
,
[n BE (υ , T ) + 1]

(2. 44)

−1

is the Bose-Einstein population factor. This correction

accounts for the thermal statistical fluctuation for each individual mode, with an energy
kT. At zero Kelvin, the spontaneous Raman and Raman gain spectra are identical.
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CHAPTER THREE: EXPERIMENTAL TECHNIQUES
3.1

Glass Processing

3.1.1

Phosphate / Borophosphate Matrices

Different phosphate and borophosphate glass families were prepared from high
purity raw materials: NaPO3 (99.99% Aldrich), Na2B4O7 (99.998% Sigma-Aldrich),
B

Nb2O5 (99.998% Cerac), TiO2 (99.999% Aldrich), (NH4)2HPO4 (minimum 98% Alfa
Aesar), K2CO3 (99%+ Aldrich), Na2CO3 (99.99% Alfa Aesar), CaCO3 (99.99% Alfa
Aesar), and BaCO3 (99.997% Alfa Aesar). The glasses were melted under an oxygen
atmosphere to avoid the reduction of Nb+5 into Nb+4 and Ti+4 into Ti+3, in platinum
crucibles at a temperature range from 1000 to 1400oC, (the melting temperature was
increased with increasing niobium / titanium concentration), for 15 min. After the melt,
the glasses were quenched onto a pre-heated carbon plate, and annealed at a temperature
of 40°C below their glass transition temperature (Tg). Finally, the glasses were cut and
optically polished.
In order to purify the starting raw materials, primarily due to the presence of
water, a pre-heat treatment was conducted prior to the melt (NaPO3 (460 oC), Na2B4O7
B

(530oC), TiO2 (800 oC), Nb2O5 (800 oC)).
In the case of (NH4)2HPO4, K2CO3, Na2CO3, CaCO3, and BaCO3, due to the
presence of ammonia and/or carbon dioxide, an additional pre-heat treatment was
required before the melt, as shown in Figure 3.1. This pre-heat treatment allowed to
eliminate the ammonia and carbon dioxide, and to initiate chemical interaction between
the raw materials.
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Figure 3. 1. Pre-heat treatment

A typical pre-heat treatment cycle is shown in Figure 3.1 for the composition
17.5%Na2O – 17.5%K2O – 35%P2O5 – 30%Nb2O5, prepared using (NH4)2HPO4, K2CO3,
NaPO3, and Nb2O5. The dwell at 270oC is traditionally used to remove the water and
ammonia from the starting raw materials; however, it was noted that for some samples
there was some ammonia still present after 270oC. Hence, to ensure that all the ammonia
was removed from the sample and to obtain a better sample homogeneity, another step
was conducted at 360oC. Finally, the raw materials were heated to 990oC to remove the
carbonate and to initiate the chemical reaction. Afterwards, either the temperature was
ramped down to 300oC to ensure no water contamination, or right after the pre-heat
treatment, the samples were melted.
It is important to point out that one of the main goals of this dissertation was to
optimize the glass composition for the desired Raman gain application. In order to
achieve this goal over 100 compositions were prepared; however, due to time restrictions,
26

the attention was focused on those families that appeared to be most promising
candidates for the desired application, which allowed to fully investigate the relationship
between their structure and the corresponding optical response. Although not all optical
parameters were measured for some of those other glass systems, some of the most
relevant families investigated will be discussed here for completeness of this study.
3.1.2

Tellurite-based Glasses

Glasses in the system TeO2 – PbO – P2O5 – Sb2O3 were prepared from high purity
raw materials: TeO2 (Cerac 99.99%), (NH4)2HPO4 (Merck minimum 98%), PbO (Cerac
99.99%), Sb2O3 (Cerac 99.999%). Before melting, a pre-heat treatment was conducted at
200°C and 400°C to eliminate the water and ammonia respectively, present in the primary
starting materials. The batch mixture was melted in alumina crucibles at a temperature
range of 900°C to 1000°C, depending on the composition, and maintained at the melting
temperature for 30 min. Following melting, the glasses were quenched on a pre-heated
carbon plate, and annealed at a temperature of 40°C below their glass transition
temperature (Tg). Approximately 1 mol% of alumina attributable to the crucible material
was detected in the glass using elemental dispersive spectroscopy (EDS). Finally, the
glasses were cut and optically polished.
Two different families in the systems TeO2-TlO0.5 and TeO2-TlO0.5-PbO were
prepared by melting the appropriate quantities of reagent grade chemicals – PbO
(Aldrich, 99.5%), TeO2 (prepared by decomposition at 550°C of commercial H6TeO6
(Aldrich, 99.9%)) and Tl2TeO3 (synthesized by heating at 350°C for 18 hours, under
nitrogen atmosphere, an intimate mixture of TeO2 and Tl2CO3) in platinum crucibles for
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half an hour at 800°C. The melts were quenched onto two brass blocks, separated by a
brass ring to obtain cylindrical samples 10 mm wide and 1-3 mm thick. A cooling rate of
about 104°K/s was utilized. These TeO2 glass families were melted at the University of
Limoges, in collaboration with Dr. Thomas’ group. The glass fabrication procedure and
chemical – physical – optical properties of these glasses have been summarized
previously in references [Je,98],[Je2,98],[Je,99],[Du,01].
Other tellurium oxide-based glasses, primarily binary systems, were also
synthesized for this study. These compositions were melted for 30 min in alumina
crucibles at a temperature range of 800 to 900oC. EDS confirmed the presence of a small
quantity of alumina (approximately 1 mol%) attributed to contamination from the
crucible. After the melt, the samples were annealed and optically polished.
All compositions synthesized in this study will be listed in the “results” sections
of this dissertation.

3.2 Glass Characterization Techniques: Chemical – Physical – Optical
Properties Measurements
3.2.1

Thermal Analysis

The thermal properties of the different glass compositions were measured with a
Differential Scanning Calorimeter (DSC) instrument at a rate of 10oC/min. The maximum
temperature measured was 675oC, and the glass transition temperature was obtained at
the inflection point of the DSC thermal curve (i.e. minimum of the derivative curve)
(Figure 3.2).
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Figure 3. 2. DSC curve for 85% TeO2 – 15% WO3 glass composition

The difference between the crystallization temperature (Tx) and the glass
transition temperature (Tg) determines the thermal stability of the glass. The greater the
Tx-Tg value the greater the thermal stability, making the glasses promising candidates for
fiberization.
3.2.2

Density Measurement

Density is a property of a material that describes the amount of material (mass)
contained in a unit volume. The density or volumetric weight of the different glass
samples was measured by the Archimedes method in diethylphtalate at room temperature
(24 oC). Archimedes principle states that a body immersed in a fluid is buoyed up by a
force equal to the weight of the displaced fluid.
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ρ sample = ρ diethylphtalate (T )

msample
msample

( in air )

( in air )

− m sample

(3. 1)

( in diethylphtalate )

The density of the diethylphtalate depends on the temperature. The accuracy of
the measurement was within 0.02 g/cm3.
3.2.3

Absorption Measurement: Cary 500 UV-Vis-NIR Spectrophotometer

The linear absorption spectra of the different bulk samples were obtained using a
Cary 500 Scan UV-Vis-NIR Spectrophotometer.
From Beer’s law, the intensity decay along the propagation axis has the form
I ( L) = I o exp(−αL) ,

(3. 2)

where Io is the initial intensity and α represents the absorption coefficient for at each
individual wavelength. Here α is given in cm-1, and the sample thickness, L in
centimeters.
Moreover, the absorption coefficient, in dB units, is given by

⎛ Io ⎞
⎟,
⎝ I ⎠

α dB = 10 log⎜

Io
= 10 OD ,
I

or

(3. 3)

where O.D is a measurement of the optical density (i.e. absorbance). This is the
parameter that is obtained with the Cary 500 spectrophotometer, after Fresnel reflection
correction is applied.
Combining Eqns 3.2 and 3.3 yields

α=

1
ln(10) ⋅ O.D .
L
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3.2.4

Absorption Measurement: Photothermal Deflection Spectroscopy (PDS)

Figure 3.3 illustrates a typical photothermal deflection spectroscopy (PDS) setup,
in the longitudinal configuration.
Mirror / Translation Stage

HeNe Laser
(Probe beam)

F.P. Filter

Sample

Focusing
Lenses

Nd:YAG Laser
(Pump beam)

Quadrant Detector

Air / Sample

/

Air

Computer
i=2
i=1

i=3

Figure 3. 3. Photothermal Deflection Spectroscopy (PDS) setup

As shown in Figure 3.3, a stationary probe beam (HeNe laser, λ=632.8 nm) and a
moving pump beam (Nd:YAG laser, λ=532 or 1064 nm) were sent co-linearly into the
sample. The fixed probe beam was centered on a quadrant detector (UDT Instruments,
Model 301-DIV), and its deflection (relative to the case where both the probe and the
pump beams were perfectly spatially overlapped) was recorded. A Fabry-Perot filter was
used to transmit the probe beam and reject the pump beam from the quadrant detector.
The deflection of the probe beam is produced by an index of refraction gradient in
the sample, which in turn is caused by a corresponding temperature change due to the
absorption of the exciting pump beam. The change in temperature of the sample satisfies
the heat equation, such that
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⎧
⎪0
T
r
t
∂
(
,
)
1
i
= ⎨ Q(r , t )
∇ 2Ti (r , t ) −
Di
∂t
⎪−
ki
⎩

i = 1,3
(3. 4)

i=2

where Di represents the diffusivity constant and ki is the conductivity of the ith medium
(insert in Figure 3.3) (i=1,3 represent the surrounding regions, and i=2 represents the
sample, where the heat Q(r,t) is deposited). The amount of heat absorbed by the sample is
proportional to the laser intensity and the absorption coefficient of the material.
The total power in a Gaussian beam can be found by integrating the intensity
spectral profile, I(r), as given by
∞∞

P=

∫ ∫ I (r )rdrdθ ,

−∞ 0

so that
∞

Pave

⎛ 2r 2
= 2πI o ∫ exp⎜⎜ − 2
⎝ ω
0

⎞
πω 2
⎟⎟rdr =
Io .
2
⎠

(3. 5)

Thus, in this case, the total heat absorbed by the sample is given by
Q ( r , t ) = αI ( r ) =

2αP

⎛ 2r 2
⎜⎜ − 2
exp
πω 2
⎝ ω

⎞
⎟⎟ exp( −αz ) f (t ) ,
⎠

(3. 6)

∞

where f(t) is the temporal form factor, which is normalized such that

∫ f (t )dt = 1 .
0

This temperature distribution in the sample induces a change in the refractive
index of the form
n = n o + Δn ( r , t ) = n o +

32

∂n
T (r , t ) ,
∂T

(3. 7)

where T is the temperature change. If the gradient of the varying index of refraction is
then probed with a second beam (probe beam), one can relate the deflection of this
second beam to the absorption of the sample. For small deflections,

Φ=

1 ∂n
no ∂T

∫∇

⊥

T (r , t )ds ,

(3. 8)

path

where no is the initial linear refractive index, and Φ represents the deflection angle.
A detailed analysis of this technique can be found in references [Bo,80],[Ja,81],
[Mo,89],[Ba,93],[Be,93],[He,95][He,97].
Figure 3.4 shows an example of the PDS response for composition 85% TeO2 –
15% NbO2.5, as a function of increasing pump power. The angular deviation, proportional
to the variation in the voltage readings of the quadrant detector, is plotted against the
pump beam displacement.
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Figure 3. 4. Typical PDS response for composition 85% TeO2 – 15% NbO2.5, for different pump powers. Pump
wavelength 1064 nm
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All the measurements were obtained after a steady state condition was achieved.
This is equivalent to the case of low frequency modulation, as described in reference
[Bo,80].
3.2.5

Linear Refractive Index Measurement

The linear refractive index was determined at different excitation wavelengths
using the Brewster angle technique, as illustrated in Figure 3.5. A TM-polarized
(transverse magnetic) laser beam was focused at the front polished surface of the sample.
The sample was positioned on a high-precision motorized rotation stage (reliability
1/1000 of a degree). The stage was controlled via a LabView program that interfaced with
an ESP300 Universal Motion Controller/Driver from Newport. The reflectance spectrum
was obtained as a function of the incidence angle. The output of a silicon detector, used
to acquire the data, was fed into a LockIn Amplifier. Typical scans were conducted with
steps of 0.050, over a wide angular range. To account for experimental misalignments of
the reflected laser beam (at normal incidence), the reflectance spectrum was obtained in
the positive and negative angular directions, and the results form both measurements
were subsequently averaged.
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Figure 3. 5. Linear refractive index measurement setup

The angular reflectance spectrum, for TM polarized light is given by
2

RTM = rTM

2

⎡ n 2 cos(θ ) − n 2 − sin 2 (θ ) ⎤
inc
inc
⎥ .
=⎢
2
2
2
⎢⎣ n cos(θ inc ) + n − sin (θ inc ) ⎥⎦

(3. 9)

The experimentally-obtained angular reflectance spectrum, such as the one
illustrated in Figure 3.6, was fitted using the above equation. The minimum value of this
curve represents the Brewster angle, corresponding to

θ Brewster = tan −1 [n(λ )] ,

(3. 10)

where n(λ) represents the linear index of refraction of the material, at the particular
excitation wavelength.
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Figure 3. 6. TM polarized angular reflectance spectrum of a standard Suprasil silica sample. Excitation
wavelength 632.8nm

The actual accuracy of the measurement depends on the surface quality of the
sample. The reported accuracy of the apparatus was within ± 0.05.

3.3 Spectroscopic Techniques
3.3.1 Micro-Raman Spectroscopy

Spontaneous Raman spectroscopy is the most frequently used tool for estimating
the strength and spectral distribution of Raman gain in materials, especially glasses. This
technique also provides chemical and structural information, including bonding.
In order to conduct absolute spontaneous Raman cross-section measurements in
the glasses, a Micro-Raman setup was employed (Figure 3.7). In most of the experiments,
an Ar+ laser (λ = 514 nm) was used as the excitation wavelength. The incoming polarized
laser beam was focused onto the front polished surface of the sample via a 100X
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microscope objective, with a spatial resolution of about 2 μm. A polarizer and quarterwave plate (λ/4) combination were used to select the polarization direction (vertical, V or
horizontal, H) of the scattered light. A backscattering geometry was used to collect the
Raman signal, which, in turn was spectrally analyzed with a spectrometer and a CCD
detector (ANDOR, model FI UV), with a typical resolution of about 6 cm-1. The CCD
was cooled at -75°C by Pelletier effect, and it was made of 1024 pixels, with each pixel
of 26 µm in size. The Rayleigh line was suppressed with a holographic notch filter.
Other experiments conducted utilized different excitation wavelengths such as the
458 nm line from an Ar+ laser, the 632.8 nm wavelength from a He-Ne laser, the 752 nm
line from a Kr+ laser, and the 1064 nm line from a Nd:YAG laser. The ANDOR, model
FI UV CCD detector was used for visible excitation, and for near infrared experiments an
InGaAs array from Jobin-Yvon was employed. This CCD was cooled to liquid nitrogen
temperature and was made of 512 pixels, each 50 μm wide.

Polarized backscattered light
(to CCD detector)
Incoming Laser beam
λ = 514 nm

x 100

Beam Splitter

XYZ Translation Stage

Figure 3. 7. Schematic of a typical Micro-Raman setup
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With the incorporation of the microscope into the setup, very localized regions in
the material were investigated. This allowed homogeneity studies to assess interior
sample uniformity, by scanning through different positions in the same sample. In this
case, the only parameters that limit the spatial resolution (R) of the system are the
wavelength of the excitation light beam λ, and the numerical aperture (N.A) of the
microscope objective in use. This relationship is given by
R=

1.22λ
( N . A)

(3. 11)

Moreover, in order to be able to obtain absolute intensity measurements, the beam
was focused onto the top surface of the sample. By doing so, it was proved possible to
control the amount of scattered light that is collected by the microscope, thus allowing a
fixed solid angle to be maintained between the sample and the light gathering optics. In
the spontaneous Raman scattering case, light is scattered into all directions and the
scattering volume is defined by the light gathering optics. Hence only the signal that
reaches the detector will contribute to the scattering cross-section of the media.
Although measurement of the spontaneous scattering cross-section is the simplest
and most widely used tool to obtain the strength of the Raman gain, it might not be the
most accurate technique to assess this information. Careful calibration, of different
standard materials, must be conducted to obtain an accurate result. For this type of
measurement two different calibration glasses, SiO2 and SF6 were used. Figure 3.8
illustrates the spontaneous Raman spectra of these two glasses, obtained with a 514 nm
excitation wavelength. Absolute cross-section measurements of these two glasses can be
found in the literature [He,75],[Pa,95], which allowed easy correction of experimental
errors, decreasing the errors in the measurements. In fact, calibration to SF6 was
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preferred for obtaining the absolute Raman gain coefficient, since SiO2 is a very low
Raman scatter, increasing the experimental error of the measurement. Due to this reason,
direct Raman gain measurements, as the one described in [St,03],[St2,05], are ultimately
the preferred technique to achieve accurate results.
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Figure 3. 8. Spontaneous Raman spectra of SiO2 and SF6. Excitation wavelength 514 nm

In this dissertation the spontaneous Raman cross-section method will be the main
tool used for estimating the Raman gain response of the different glass samples. The
validity and reproducibility of this technique will be demonstrated by comparing the
results obtained using this technique with the experimentally-measured Raman gain
coefficients using the direct nonlinear optics (NLO) Raman gain technique.
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3.3.2

Raman Gain Measurement

The Raman gain coefficient was obtained using the experimental setup described
in [St,03],[St2,05]. In brief summary, a 10 Hz repetition rate, Nd:YAG laser system
producing either 25 or 50 picosecond pulses (λ = 1064 nm) was used as the pump for the
gain measurement. A SHG crystal was used to double a fraction of the pump to 532 nm
which was then used to provide the probe beam via an OPG/OPA system with a spectral
output ranging from 780-2300 nm. Both, the pump and probe beams were spatially and
temporally overlapped at the sample. The pump and probe beams were focused down in
the sample plane to 234 μm and 130 μm (1/e2 of the intensity), respectively. Bulk glass
sizes ranged from 1-2 mm thick. After the sample, a monochromator filtered the pump
from the probe. Afterwards, the probe beam was split by a polarizing beam splitter and
directed onto two identical germanium detectors (Figure 3.9). The signal parallel to the
pump (VV) was used to measure gains of approximately 10% and the signal
perpendicular to the pump (VH) served as a calibration of the light transmitted through
the sample-spectrometer system, given the depolarization ratio of glasses. Data was
recorded by electronics and absolute values of the gain coefficient were calculated on a
shot-to-shot basis. The exponential increase in signal amplitude was obtained from the
standard Raman gain equation
I (ω S , L) = I (ω S ,0) exp( g R I (ω P ) L) ,

(3. 12)

where I(ωS,L) represents the signal intensity after propagation through the gain medium
of length L, I(ωS,0) is the signal intensity inside the input facet of the sample, I(ωP) is the
pump intensity and gR is the Raman gain coefficient. In this case, since the bulk samples
under investigation were 1-2 mm thick, the absorption of the material was assumed to be
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negligible. Averaging was done over hundreds of shots to calculate a mean gain value
and error bars. Measurements on fused silica samples agreed with literature values to
within the experimental accuracy of ±10%.
OPG/OPA
P(450)
Pv

Sample

Ge
(VH)

Monochromator

Ge
(VV)

Polarizing
beam splitter

Nd:YAG
λ = 1064nm

Figure 3. 9. Schematic of the Raman gain setup

In this direct gain measurement, in which the net gain is small and depletion of
the fundamental can be neglected, it is useful to perform a Taylor series expansion to the
exponential term of the electric field equation, so that
Ε β (ω S , L) ≅ Ε(ω S ,0)[1 +

g R (Ω)
I (ω P ) L] ,
2

(3. 13)

and
I (ω S , L) − I (ω S ,0)
= ∑ g R (Ω) I (ω P ) L ,
I (ω S ,0)
β

as assumed in reference [St,03],[St2,05].
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(3. 14)

3.3.3

Infrared Spectroscopy

The reflectance IR spectra were obtained using a FT-IR Nexus 670
spectrophotometer (Thermo Optek) equipped with a DTGS detector and a germaniumcoated KBr beam splitter. The spectrometer was purged with dry air to minimize
atmospheric CO2 and water vapor. Reflectance experiments were performed using an
external reflection attachment (Graseby, Specac) at an angle of incidence of 12°.
The real and imaginary parts of the dielectric constant ε = Re(ε ) + i Im(ε ) , were
calculated from the reflectance spectra utilizing the Kramers-Krönig analysis. It follows
that the maxima of the νIm(ε) spectra give directly the frequency of the absorption bands.
A total of 100 scans were averaged to provide a resolution of 4 cm-1.
3.3.4

X-ray Photoelectron Spectroscopy (XPS)

The X-ray spectra were recorded using a Scienta 300 ESCA (Zettlemoyer Center
for Surface Studies, Lehigh University) at a vacuum of ∼10-9 Torr. A monochromatic AlKα X-ray source was used for the analysis, and a low energy electron flood gun was used
for charge compensation. Both survey scan and individual high resolution scans were
recorded. The bulk glass samples were scraped inside the XPS vacuum chamber, and the
core-level spectra were obtained on the freshly generated surfaces.
XPS is a useful technique to determine the environment of an atom. It provides
elemental, chemical oxidation state, and bonding information. The main goal of this
study was to determine the local environment of the tellurium atoms; and at the same
time obtain cross-section information about the different TeO2 related species present in
the glass matrix, such as the TeO4 and TeO3 units, etc. The “true” binding energy of the
42

Te 3d5/2 (TeO4) peak is 576.2 eV. All the different spectra were charge-corrected using
this peak as the reference. Pure paratellurite TeO2 and Tl2TeO3 crystals were used as
reference for the TeO4 and isolated TeO3 units respectively.
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CHAPTER FOUR: ENGINEERING OF PHOSPHATE-BASED
GLASSES FOR BROADBAND APPLICATION
There are four major oxide network formers: SiO2, GeO2, B2O3, and P2O5. TeO2
is also considered to be a network former in most cases, although at least 1 mol% of a
modifier specie is needed to form a glass.
For this particular investigation, a phosphate network was preferred as the choice
of network former for the bandwidth optimization study since the pure phosphate (P2O5)
Raman spectrum has vibrations above 1000 cm-1 [Ga,78],[Li,87], and for the suitability of
such a matrix for fiber drawing as has been demonstrated for use as erbium doped optical
amplifier. However, previous studies have shown that a pure phosphate network is highly
hygroscopic, hence a combination of 95% NaPO3 – 5% Na2B4O7 was chosen as the base
B

matrix, since the same work demonstrated that this composition exhibited the lowest OH
content in the study [Du,92]. Moreover, a small quantity of boron in the glass matrix
increases the percentage of polarizable species such as niobium oxide, titanium oxide,
and tungsten oxide that can be added to the phosphate network and also further helps
increase the chemical stability of the glass, both of which are crucial criteria to consider
when engineering glass compositions for this type of application. Furthermore, the small
addition of boron helps increase the thermal stability of the glass composition (evaluated
by the larger difference between the glass transition temperature and the onset of the first
crystallization temperature) [Ca,96], [Ma,05], which is important for the fiberization
purposes.
Ti4+, Nb5+, and W6+ are known as d0 ions because they all have an empty d-shell.
This type of ion exhibits high polarizabilities and has no transition in the visible and near
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IR region [Li,91]. Therefore, TiO2, Nb2O5 and WO3 were added into the borophosphate
matrix to enhance the Raman polarizability of the glass.
Figure 4.1 illustrates the VV and VH polarized Raman spectra of the 95% NaPO3
– 5% Na2B4O7 borophosphate glass matrix.
B
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Figure 4. 1. VV and VH polarized spontaneous Raman spectra of a 95% NaPO3 – 5% Na2B4O7
borophosphate matrix. Excitation wavelength 514 nm
B

Notice that the VH contribution is small as compared to the VV polarized Raman
spectrum. In the above figure, the VH polarized Raman spectrum was multiplied by a
factor of 3 for comparison purposes. Due to this fact, the focus of this work will be on the
VV Raman spectrum, as it contains all the necessary information needed for this study.
The main bands around 700 cm-1 and 1150 cm-1 are attributed respectively to P-O-P and
PO2 vibrations in phosphate chains [Du,93].
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4.1

Phosphate / Borophosphate Glass Families
Using the basic idea of introducing various polarizable entities into the phosphate-

based glass matrix, different glass families were prepared in order to optimize their
Raman gain performance. From the material science point of view, and in order to
optimize the optical performance (i.e. Raman gain performance) of these new glasses, it
is necessary to first address some questions regarding the network structure of these
compositions. To answer these preliminary questions, a simple binary glass family (100x) NaPO3 – x Nb2O5, with x = 10, 20, 30, and 40% was selected. By varying the amount
of Nb2O5 in the glass, one can study the effect of intermediate glass constituents on the
glass network, and their corresponding role on the Raman gain process. In the same
effort, the glass matrix (100-x) [95% NaPO3 - 5% Na2B4O7] – x Nb2O5 with x = 9.55,
B

19.19, 28.93, and 38.78%, was selected, while maintaining the same NaPO3 / Nb2O5
molar ratio as in the (100-x) NaPO3 – x Nb2O5 system.
Table 4.1 illustrates the different glass compositions that have been engineered for
this effort, as well as their respective glass transition temperature, density, and linear
refractive index.
Table 4. 1. Thermal – physical – optical properties of glasses in the systems (100-x) NaPO3 – x Nb2O5,
(100-x) [95% NaPO3 – 5% Na2B4O7] – x Nb2O5, and the 95%NaPO3 – 5%Na2B4O7 network former
Linear
Glass Composition
Sample
Glass
Density
Refractive Index
Code
Transition
±0.02
Temperature (g/cm3)
± 0.05
x=
(oC)
n(λ=632.8nm)
95%NaPO3-5%Na2B4O7
325
2.48
1.47
(100-x)NaPO3-xNb2O5
x=10%
380
2.81
1.57
x=20%
500
3.12
1.68
x=30%, Na
620
3.33
1.74
x=40%
673
3.62
1.84
(100-x)[95%NaPO3-5%Na2B4O7]-xNb2O5
x=9.55%
455
2.80
1.56
x=19.19%
540
3.06
1.64
x=28.93%
587
3.29
1.74
x=38.78%
630
3.54
1.81
B

B

B

B
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As previously mentioned, these glasses exhibit a good thermal stability. Figure
4.2 illustrates the Tg and Tx evolution for the (100-x) [95% NaPO3 – 5% Na2B4O7] – x
B

Nb2O5 system. No Tx value was found up to x=38% for DSC measurements up to 850oC.
Notice how the Tx – Tg value decreases with increasing Nb2O5 concentration. Even at
x=43% the Tx – Tg value exceeds 100oC, gradually decreasing thereafter. The values of
Tx – Tg at high Nb2O5 concentrations were obtained from reference [Ma,05].
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Figure 4. 2. Tg versus Tx evolution for different compositions in the borophosphate (100-x)[95%NaPO35%Na2B4O7]-xNb2O5 glass system
B

The density and linear refractive index evolution can be correlated to the number
density of niobium ions in the glass network. As illustrated in Figure 4.3, there is a linear
dependence between both the density and linear refractive index, and the number density
of the niobium species. This is in accordance with the results shown by Cardinal et al., in
which the total macroscopic susceptibility was calculated by adding the contribution from
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the glass matrix and the Nb-O bond [Ca,97]. This result indicates a continuous evolution
of the glass structure as the niobium oxide is introduced.
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Figure 4. 3. Dependence of density and linear refractive index with niobium introduction in phosphate
(100-x)NaPO3-xNb2O5 and borophosphate (100-x)[95%NaPO3-5%Na2B4O7]-xNb2O5 glass systems
B

Also, Figure 4.4 illustrates the absorption edge of the eight different glass
samples. As one can see from the figure, there is a red shift of the absorption bandgap
with increasing Nb2O5. Notice that for convenience we write x = 10, 20, 30, 40 for both
the phosphate and borophosphate systems. This absorption edge is due to the charge
transfer bands associated with O2- to Nb5+.
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Figure 4. 4. Absorption edge spectra of phosphate (100-x) NaPO3 – x Nb2O5 and borophosphate (100-x)
[95% NaPO3 – 5% Na2B4O7] – x Nb2O5 glass families
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The dispersion curves of the four different compositions in the binary (100-x)
NaPO3 – x Nb2O5 system were determined in collaboration with Schott Glass Technology
Inc. using a V-block refractometer. The refractive indices were measured at the h, g, e,
and t mercury (Hg) lines (λ = 404.7, 435.8, 546.1, and 1014 nm, respectively). The
accuracy of the measurement is ±5x10-4. The dispersion was fitted using the Cauchy
dispersion model
n(λ ) = C1 +

C2

λ

2

+

C3

λ4

.

(4. 1)

The Cauchy coefficients are given in Table 4.2, for λ-values in μm.
Table 4. 2. Cauchy coefficients for glasses in the system (100-x) NaPO3 – x Nb2O5
Cauchy Coefficients
x=10%
x=20%
x=30%
C1
1.54239
1.62571
1.72161
C2
0.00573
0.00939
0.01224
C3
0.00012
0.00016
0.00055
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Figure 4. 5. Index dispersion curves for glasses in the system (100-x) NaPO3 – x Nb2O5

The dispersion curves are in agreement with the absorption spectra. Increasing the
amount of niobium oxide corresponds to larger red shifts in the absorption, and
consequently, the linear index is significantly increased in the blue region. This effect
clearly indicates that the origin of the phenomenon is related to the niobium oxide.
The VV polarized Raman spectra of the two families are shown in Figure 4.6, for
an excitation wavelength of 514 nm. The relative intensities have been normalized to the
peak Raman vibration of SiO2 at 440 cm-1.
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Figure 4. 6. VV polarized spontaneous Raman spectra of phosphate (100-x) NaPO3 – x Nb2O5 and
borophosphate (100-x) [95% NaPO3 – 5% Na2B4O7] – x Nb2O5 glass families, normalized to SiO2.
Excitation wavelength 514 nm
B

From Figure 4.6 one can see that at low Nb2O5 concentration (x=10%), the main
Raman vibration is located at 910 cm-1. This Raman band has been attributed to the Nb-O
short bonding vibration in isolated and distorted NbO6 octahedral units. Subsequently, as
the Nb2O5 concentration is increased, these isolated units start to form 1D and 2D/3D
corner linked octahedral networks in the glass, giving rise to the vibrations located at
about 810 cm-1 and 640 cm-1 respectively [Ca,97]. Hence, the introduction of niobium
inside the glass matrix helps depolymerize the phosphate network; in other words,
niobium breaks the P-O-P chains, transforming the glass network from a “pure”
phosphate network to a phospho-niobate network. The Raman bands above 1000 cm-1 are
associated with phosphate units and their respective assignments have been previously
reported [Du,93]. Specifically, the main phosphate vibrations observed at around 685,
1014, 1170, and 1250 cm-1, have been attributed to the symmetric and asymmetric P-O-P
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chain vibrations, and symmetric and asymmetric stretching modes of the PO2 entities,
respectively. Note that no strong boron Raman bands are noticeable in the spectra since
their respective Raman vibrations are convolved within the strong Raman bands for the
other glass constituents. The low frequency (< 400 cm-1) vibrations are associated with
the vibrations of the heavy metal cations [Mi,88].
This result is confirmed by the IR spectra, as shown in Figure 4.7. The IR spectra
give information primarily about the phosphate vibration. The main features in the IR
spectra are located between 840-1050, 980-1020, 1080-1120, and 1080-1330 cm-1,
corresponding to the asymmetric stretches of the P-O-P linkages, (PO4)-3 anions, (PO3)-2
and (PO2)- groups, respectively [Ef,97]. The bands at lower frequencies correspond to the
Nb2O5 vibrational modes. Notice the apparent inward shift of the asymmetric stretching
vibration of the PO2 units. This shift is consistent with the shortening of P-O-P chains
with niobium introduction (i.e. depolymerization of the phosphate network) [Ef,97],
which is complementary to the result obtained from the Raman spectra. Minor
differences can be distinguished between the phosphate and borophosphate matrices as
the niobium is introduced. For low niobium concentration (x=10%), one can notice a
slight decrease of the intensity of the bands that could be related to P-O-P and (PO2)vibrations around 900 cm-1 and 1080 cm-1 respectively, for the borophosphate matrix, as
compared to phosphate matrix, suggesting a shortening of the phosphate chains.
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Figure 4. 7. IR spectra of phosphate (100-x) NaPO3 – x Nb2O5 and borophosphate (100-x) [95% NaPO3 –
5% Na2B4O7] – x Nb2O5 glass families
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Figure 4.8 shows the evolution of the OH spectra for the two extreme
compositions (x=10% and x=40%) in the phosphate and borophosphate glass matrices.
Notice that at high Nb2O5 concentration the OH spectral shape changes, indicating that
there is a different type of OH bonding.
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Figure 4. 8. OH spectra of extreme glass compositions (x=10% and x=40%) in the phosphate (100-x)
NaPO3 – x Nb2O5 and borophosphate (100-x) [95% NaPO3 – 5% Na2B4O7] – x Nb2O5 glass families
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From the Raman and IR results, one can clearly observe a transformation from an
almost pure phosphate network to a phospho-niobate network with increasing Nb2O5
concentration, which is in accordance to the changes in the physical and optical
properties. Spectra of the hydroxyl groups, leading to the main vibration at 2800 cm-1 in a
phosphate matrix, progressively decrease with increasing niobium oxide concentration,
which may indicate that this vibration is related to the concentration of phosphate in the
glass. The new band at 2600 cm-1 seems to be associated to the presence of boron and
niobium in the glass matrix. No clear assignment of the vibrations could be obtained.
In order to obtain more quantitative information about the different vibrational
units, the deconvolution of the Raman spectra was executed. Figure 4.9 illustrates the
Raman spectral deconvolution of the binary (100-x) NaPO3 – x Nb2O5, as an example.
Notice that both the Raman and the IR spectra provide quantitative information about the
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structure of the glass, but, since in this research the primary interest is the Raman activity,
then IR spectroscopy was used mainly to obtain qualitative information.
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Figure 4. 9. VV polarized spontaneous Raman spectra of the four compositions in the system (100-x)
NaPO3 – x Nb2O5, and their least-squares decomposition into the spectral components. Excitation
wavelength 514 nm

As previously discussed, the main Raman peaks in Figure 4.9 are representative
of the network (a), chain (b), and the isolated (c) Nb-O Raman vibrational modes.
Although it is known from the IR spectra that there is also interconnection between the
niobium and phosphorous (Nb-O-P), and P-O-P chain vibrations convolved within the
500 to 900 cm-1 region, Raman vibrations associated to such units are expected to be less
significant in amplitude than the Nb-O-Nb vibrations, and hence were not included in the
decomposition of the Raman spectra. Since the main Raman activity in this glass system
is primarily due to the presence of Nb, which is considered to be a highly polarizable
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species, the corresponding contribution of each individual Nb-O vibrational mode to the
overall Raman response was examined. Figure 4.10 shows the evolution of the integrated
Raman cross-section of peaks (a), (b), and (c) from Figure 4.9, plotted as a function of the
number density of Nb2O5. Also shown in Figure 4.10 is the total integrated Raman crosssection (in arbitrary units).
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Figure 4. 10. Evolution of the integrated Raman cross-section of Nb-O related Raman peaks (network (a),
chain (b), and isolated (c)) from Figure 4.9

Likewise, the same analysis was performed for the (100-x) [95% NaPO3 – 5%
Na2B4O7] – x Nb2O5 glass family. From the results obtained in Figure 4.10, one can
B

clearly observe the evolution of the Nb-O Raman bands. While the number of short Nb-O
bonds in isolated and distorted NbO6 octahedral units remains almost constant, the
number of Nb-O-Nb chain and network vibrations increases almost exponentially with
increasing Nb2O5 content.
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Although the integrated Raman spectra do not cover the frequency region below
175 cm-1, the nuclear contribution to the total nonlinearity n2 can still be approximated
within ± 20%. The nuclear contribution can be obtained by integrating the overall Raman
cross-section, given by [We,78],[He,79],[Pa,95]

n 2nuclear

− hω
⎡
⎤
kT
−
e
1
⎢
⎥ 2
∞
2πC 4 ⎣
⎦ ∂ σ // (υ P , ω ) dω ,
=
3
∫
∂Ω∂ω
n 0 hυ P 0 υ S ω

(4. 2)

where υP is the pump frequency, υS is the signal frequency, ω is the Raman frequency
(Stokes shift), and

∂ 2σ // (υ P , ω )
is the parallel polarization component of the
∂Ω∂ω

spontaneous Raman cross-section.
It follows that the total nonlinear response of the material can be expressed as the
sum of four major quantities (response times in brackets): electronic (~10-15 sec), nuclear
(~10-13 sec), electrostrictive (~10-9 sec) and thermal (~10-6 sec). Recall that

with

n = n 0 + Δn = n 0 + n 2 I

(4. 3)

n2 = n2electronic + n2nuclear + n2electrostrictive + n2thermal .

(4. 4)

The last two terms in Eqn. 4.4 can be neglected due to their relatively long response
time. Usual n2 measurements are conducted with ~100 fs laser pulses, and hence only the
“purely-instantaneous” electronic contribution and the nuclear contribution need to be

considered. Using the results obtained by Cardinal et al. in reference [Ca,97], the overall
nuclear contribution varies from 20 to 30 % depending on the composition. Shown in
Figure 4.11 is the evolution of the total and nuclear n2 with respect to the number density
of Nb2O5 ions. All values shown are calculated relative to SiO2. The nuclear contribution
of SiO2 to the total n2 was taken to be 15%, for optical pulses of about 100 fs [St,92]. The
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normalization of the χ(3) data found in [Ca,97] was used taking χ(3)(SiO2) = 2x10-22SI.
Notice that both, the nuclear and total n2, exhibit almost the same dependence on Nb2O5
concentration. This result is not surprising since each electronic transition is coupled to a
vibrational mode, and thus one would expect that both, the electronic and nuclei
responses, will be locked-in together.
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Figure 4. 11. Total and nuclear n2 dependence of the phosphate (100-x) NaPO3 – x Nb2O5 and
borophosphate (100-x) [95%NaPO3 – 5%Na2B4O7] – x Nb2O5 glass systems.
Total nonlinear values for compositions in the borophosphate system were obtained from reference [Ca,97]
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The calculated Raman gain coefficient from the spontaneous cross-section
measurements for the different phosphate-based glasses is shown in Figure 4.12. Data has
been normalized to SiO2 at 1064 nm. Also shown in the figure are the directly measured
Raman gain data points for composition 70% NaPO3 – 30% Nb2O5, using the NLO
technique, as describe in [St2,05].
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Figure 4. 12. Calculated Raman gain curve, from spontaneous Raman cross-section measurements of
phosphate (100-x) NaPO3 – x Nb2O5 glass system, normalized to SiO2, along with experimentallymeasured Raman gain coefficient data points of composition 70% NaPO3 – 30% Nb2O5, using direct NLO
technique at 1064 nm

Observations note that as the Nb2O5 concentration increases the overall peak gain
remains almost unaffected; however, there is an improvement in the bandwidth given by
a reorganization of the niobate network in the glass matrix. Peak Raman gain coefficients
are about 7 times greater that of SiO2, with a continuous flat bandwidth of about 10 THz
(FWHM) for the composition with the highest Nb2O5 concentration. However, as the
niobium concentration increases, the phosphate vibrations above 1000 cm-1 become less
prominent, thus there is a trade-off between the gain and the bandwidth. Also notice the
excellent agreement between the calculated and experimentally-obtained Raman gain
spectra, demonstrating the validity of both measurements.
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4.2 Engineering of Glasses for Moderate Gain / Moderate Bandwidth
Application
As discussed in the previous section, Ti4+, Nb5+, and W6+ ions exhibit high
polarizabilities [Li,91]. Therefore, TiO2, Nb2O5 and WO3 were considered as a choice of
intermediate / modifier species to enhance the Raman polarizability of the phosphate
network. Figure 4.13 illustrates the normalized Raman spectra for different combinations
of TiO2, Nb2O5, and WO3, which were prepared to observe the impact of such
intermediate species, when introduced in relatively large amounts, to the borophosphate

network and the corresponding Raman response.
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Figure 4. 13. Normalized spontaneous Raman spectra of (100-x) [ 95% NaPO3 – 5% Na2B4O7] – x%
family. Excitation wavelength 632.8 nm
B

The different Raman spectra shown in Figure 4.13 indicate that, even at high WO3
molar percent, the formation of a mixed phospho-tungsten network is not clearly apparent
in the Raman spectrum, and only an intense band exists at 950 cm-1, attributed to the
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vibration of short W-O bond in WO6 octahedra [Ko,98]. When TiO2 and/or Nb2O5 are
introduced in the glass, vibrations between 600 and 800 cm-1 appear which, as discussed
previously, are due to the formation of octahedral association [Ca,95],[Ca,97],[Ca,98].
Moreover, the introduction of titanium, niobium, or tungsten offers contributions at low
wavenumbers and above 600 cm-1, but leave a valley in the region between 400 and 600
cm-1.
In another attempt to optimize the Raman response for moderate bandwidth,
germanium oxide, which is a glass former with reasonable polarizability, was introduced
into the system (70-x) NaPO3 – x GeO2 – 30% Nb2O5 [Li2,87],[Li3,87]. This study was
conducted in order to investigate the influence of germanium oxide introduction on the
Raman response, as illustrated in Figure 4.14.
(70-x) NaPO3 - x GeO2 - 30% Nb2O5
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Figure 4. 14. Spontaneous Raman spectra of the (100-x) NaPO3 – x GeO2 – 30% Nb2O5 family. Excitation
wavelength 632.8 nm
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In this case, as the GeO2 concentration increases, a germanate network starts to
develop. The spontaneous Raman spectra shown in Figure 4.14 indicate that the higher
the GeO2 concentration, the less disordered the Nb-O isolated units. One has to note that
as the germanium is introduced, the amount of sodium ions decreases. This decrease is
directly related with the decrease of the vibration associated with the short Nb-O bond
around 910 cm-1. Moreover, one can also observe a decrease of the band around 810 cm-1
as germanium is added to the phospho-niobate network. For large GeO2 concentration,
mainly the presence of the band at 640 cm-1, which is associated with 2D/3D octahedral
network NbO6, is evident. Germanium as compared to the phosphate is more likely to
favor the formation of this 2D/3D NbO6 network that Lipovskii et al. describe as a crystal
motif [Li,03].
These two independent experiments clearly illustrate that by modifying the
intermediate or former species in the glass network, one can control the overall Raman

spectral response. Based on these findings, an investigation concerning the effect of other
types of glass constituents on the Raman spectrum was conducted. The next section
examines the effect of modifier species on the Raman properties of the material.

4.3

Mixed-Cation Glasses - Modifier / Cation (Alkali / Alkaline) Effect
Changing the contributions of the intermediate or former species is not the only

apparent way one can modify the network structure of the glass, and consequently its
Raman spectral response. Table 4.3 shows five different phospho-niobate glass
compositions, with different cation (modifier) species. The glasses shown have been
engineered such that all the compositions exhibit the same molar niobium-to-
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phosphorous ratio, with the main distinction attributed to the different cations (alkali /
alkaline) incorporated into the five different melts.
Table 4. 3. Thermal – physical – optical properties of mixed cation glasses
Glass Composition
Sample
Glass
Code
Transition
Temperature
(oC)
35Na2O – 35P2O5 – 30Nb2O5
Na
620
Na & K
615
17.5Na2O – 17.5K2O – 35P2O5 – 30Nb2O5
K
660
35K2O – 35P2O5 – 30Nb2O5
Na & Ca
648
14.89Na2O – 29.79CaO – 29.79P2O5 –
25.53Nb2O5
Na & Ba
640
14.89Na2O – 29.79BaO – 29.79P2O5 –
25.53Nb2O5

3.33
3.28
3.20
3.46

Linear
Refractive
Index ± 0.05
n(λ=632.8nm)
1.74
1.71
1.72
1.77

3.98

1.80

Density
±0.02
(g/cm3)

To ensure that the same molar ratio was obtained, SEM/EDS analyses were
conducted on the different samples to measure the actual composition of the samples.
Figure 4.15 shows the typical SEM/EDS graphs obtained for the different samples. The
area under the P (K) and Nb (L) peaks indicates the same phosphorous to niobium ratio

Normalized Number of Counts (a.u)

for all five samples.
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Figure 4. 15. Normalized EDS spectra of mixed cation glasses
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17

The aim of this study was to investigate the effect of modifier species (i.e. cation
(alkali / alkaline)) substitution in the glass network structure, and the corresponding
impact on individual former band breadth and intensity.
Figure 4.16 shows the absorption band-edge of the five different compositions.
Note that, in the case of the alkali metal ions, changing from sodium to potassium causes
a blue shift of the absorption band edge, as shown in the inserted graph.
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Figure 4. 16. Absorption edge spectra of mixed cation glasses

The VV polarized Raman spectra of the five different cation exchanged
compositions are shown in Figure 4.17. The Raman spectra show similar features for the
compositions containing only alkali cations, indicating a comparable Nb-O network
environment.
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Figure 4. 17. VV polarized spontaneous Raman spectra of mixed cation glasses, normalized to SiO2.
Excitation wavelength 514 nm

As previously discussed, the predominant Raman features observed in these types
of glass compositions are related to the niobium network as characterized by the Raman
bands at 640, 810, and 910 cm-1. As mentioned previously d0 ions have a high Raman
polarizability, exhibiting a stronger Raman intensity response in the 600 to 950 cm-1
region, when compared to the phosphate related Raman vibrations above 1000 cm-1.
Recall that the Raman band at around 910 cm-1 is related to the number of more isolated
NbO6 units exhibiting a short Nb-O bond [Ca,97]. Observations show that this particular
Raman band is shifted by approximately 20 cm-1 for the glass sample containing equal
molar percentage of Na+ and Ba+2 cation mixtures. The ionic Ba-O bond, which is the less
ionic as compared to ionic bonding for the other compositions, creates longer Nb-O
bonds yielding lower vibration energies.
One can also observe that the Raman spectra of the glasses containing only alkali
metal ions (Na+, K+, and Na+ & K+) show an overall similarity with respect to each other.
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It appears that these cations are acting solely as charge compensators. In contrast, the
compositions containing mixtures of alkali and alkaline earth (Na+ & Ca+2, and Na+ &
Ba+2) cations show marked variation in their respective Raman spectra from those of the
alkali-only glasses. It can be seen that the Raman spectrum of the glass composition
containing Na+ & Ca+2 shows a different niobium environment as illustrated by the
decrease of the 910 cm-1 Raman vibration, as compared to the rest of the compositions.
Fewer isolated NbO6 units are present in the network as shown by Raman data,
suggesting a more uniform and distributed Nb2O5 network environment, with larger
contributions at 640 and 810 cm-1 respectively. In this case, the Ca+2 ion seems to act as a
modifier in this glass network, clearly playing a more structural role.
IR spectroscopy was used to verify the results obtained from the Raman
measurements. The IR spectra shown in Figure 4.18 illustrate similar spectral features for
the three samples containing mixed alkali ions, with changes in the phosphate network
when the calcium is introduced. The band around 1220 cm-1, that could be related to
υas(PO2) decreases, indicating the shortening of the chain P-O-P and disappearance of the

PO2 units.

66

7000
Na
Na & K
K
Na & Ca
Na & Ba

6000

υ∗Im(ε)

5000
4000
3000
2000
1000
0

600

800

1000 1200 1400 1600 1800 2000
-1
Wavenumber (cm )

Figure 4. 18. IR spectra of mixed cation glasses

Figure 4.19 illustrates the calculated Raman gain spectra of the different mixed
cation compositions, as well as the experimentally-obtained Raman gain spectra for
composition Na & Ba, shown for comparison purposes. The Raman gain spectra have
been normalized to the peak value of SiO2 at 440 cm-1. Note that all these compositions
exhibit peak Raman gain coefficients in the order of 7 times SiO2.
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Figure 4. 19. Calculated Raman gain curve, from spontaneous Raman cross-section measurements of
mixed cation glasses, normalized to SiO2, along with experimentally-measured Raman gain coefficient data
points of composition Na & Ba, using direct NLO technique at 1064 nm

The only apparent drawback for all these compositions, as illustrated in Figure
4.19, is the lack of vibrational modes in the 400 to 600 cm-1 region, thus a more uniform
continuous spectral bandwidth is desired for broadband amplification applications, for
which no need for gain flattening is favorable.

4.4 Optimization of Glasses for Moderate Gain / Moderate, Continuous
Bandwidth Application
One of the greatest challenges for this work was the optimization of the glass
compositions to provide a continuous uniform Raman bandwidth that spanned over a 30
THz range. Multiple parameters must be taken into consideration in order to achieve this
goal, which include (1) the determination of the molar ratio between glass constituents,
(2) the strength of the Raman cross-section, (3) the location and relative shifts of Raman
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vibrations when combined with different species, and finally, (4) the possibility of
forming a “stable glass” composition (i.e. no crystallization).
From the results shown in the previous sections, the only apparent drawback for
those glass compositions seems to be a decrease in the Raman scattering from 400 to 600
cm-1.
In order to select the appropriate intermediate species that exhibits Raman active
modes in the region of interest, a simple phosphate matrix was chosen to investigate the
behavior of various heavy metal components in a phosphate network environment. The
results are shown in Figure 4.20.
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Figure 4. 20. Spontaneous Raman spectra of different binary phosphate-based glasses. Excitation
wavelength 632.8 nm
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The different Raman spectra shown in Figure 4.20 illustrate that antimony oxide
appears to be the best candidate for continuous bandwidth optimization since Sb2O3
exhibits intense Raman active modes in the 400 to 600 cm-1 range. Thus, multiple
compositions were prepared with varying TiO2 – Nb2O5 – Sb2O3 molar ratios in order to
obtain a more uniform, flat spectral response (Table 4.4). Note that in the case of the
composition containing 20%TiO2 – 20%Nb2O5 – 15%Sb2O3 a small addition of sodium
was necessary to melt and make the glass at low enough temperature to avoid antimony
oxide evaporation. Notice however, that the phosphorous to boron ratio was maintained
constant.
Table 4. 4. Physical – optical properties of glasses in the system (100-x-y-z) [(100-a) [95 NaPO3 - 5
Na2B4O7] – a Na2O] – x TiO2 – y Nb2O5 – z Sb2O3
Glass Composition
Sample Code
Density Linear Refractive
Index ± 0.05
±0.02
x=TiO2-Nb2O5-Sb2O3
(g/cm3)
n(λ=632.8nm)
(100-x)[95 NaPO3 – 5 Na2B4O7] – x
3.49
1.73
10 - 10 - 15
3.69
1.83
15 - 15 - 15
(100-x)[85 NaPO3 – 4.47 Na2B4O7 – 10.53
3.66
1.89
20 - 20 - 15
Na2O] – x
B

B

B

From the results shown in Table 4.4 it is clear that as the TiO2 – Nb2O5
concentration increases, the refractive index also increases. However, the small addition
of sodium caused a small decrease of the density for increasing TiO2 – Nb2O5 content.
Figure 4.21 illustrates the absorption band-edge location of the three compositions
in the (100-x-y-z) [(100-a) [95 NaPO3 - 5 Na2B4O7] – a Na2O] – x TiO2 – y Nb2O5 – z
B

Sb2O3 glass system. Notice the red shift of the absorption edge with increasing TiO2 –
Nb2O5 content. The addition of antimony shifts the absorption band into the visible
region of the spectrum, as compared to compositions containing only TiO2 – Nb2O5. It is
expected that these glasses will experience resonance enhancement when Raman
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measurements are conducted with an excitation wavelength of 514 nm. Spontaneous
Raman measurements were conducted with a He-Ne laser at 632.8 nm.
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Figure 4. 21. Absorption edge spectra of the three glass compositions in the series TiO2 – Nb2O5 – Sb2O3

Figure 4.22 shows the unpolarized Raman spectra of the three different glass
samples. As shown in the figure, a relatively uniform, flat spectral bandwidth was
obtained for the composition containing 20% TiO2 – 20% Nb2O5 – 15% Sb2O3. As
niobium and titanium are added to the glass network, the band associated to the vibration
of 1D and 2D/3D octahedral becomes dominant, and the contribution of the vibration of
antimony entities can be clearly seen between 400 and 500 cm-1. No clear assignment has
been found for this vibration to date. The position remains identical to the position found
in the Raman response for the glass composition 80% NaPO3 – 20% Sb2O3.
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Figure 4. 22. Spontaneous Raman spectra of the three glass compositions in the series TiO2 – Nb2O5 –
Sb2O3. Excitation wavelength 632.8 nm

These results illustrate a good example of the corrections that need to be applied
to the spontaneous Raman spectrum in order to obtain the corresponding Raman gain
spectrum. As previously discussed, in order to take into consideration the incoherent
nature of the spontaneous Raman process, and the fact that the phonon modes are
uncorrelated from molecule to molecule, the Bose-Einstein correction factor needs to be
applied [St,73]. Figure 4.23 shows the spontaneous Raman spectrum of sample 20% TiO2
– 20% Nb2O5 – 15% Sb2O3, before and after the Bose-Einstein correction factor is
applied.
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Figure 4. 23. Spontaneous Raman spectra of the 45% [85 NaPO3 – 4.47 Na2B4O7 – 10.53 Na2O] – 20%
TiO2 – 20% Nb2O5 – 15% Sb2O3 composition before (red) and after (black) Bose-Einstein correction
B

Notice how the corrected spontaneous Raman spectrum, mimicking the true
Raman gain spectrum, is more uniform than the directly measured spontaneous Raman
scattering spectrum. This correction affects mostly the low frequency region, also known
as the Boson peak (< 50 cm-1). This peak is believed to be correlated to the disorder in the
glassy network [Na,02]. To date, this result represents the optimum spectral uniformity
achieved in this glass system, providing a deviation of less than 1 dB variation in gain,
over 25 THz of continuous bandwidth, with a single pump excitation.

73

4.5 Multi-component Phosphate-based Glasses for Broadband Raman
Gain Application
To this point in the study the main objective was to understand how intermediate
and modifier species affect the overall spectral bandwidth and the Raman strength
response of the phosphate glass matrix.
In this section, based on the understanding of how these species affect the spectral
response, a set of glasses was engineered to achieve nearly flat / broadband Raman
response from 0 to 1300 cm-1. For this purpose low amounts of polarizable entities have
been added to get similar Raman response from these entities as for phosphate groups.
Table 4.5 shows a series of compositions that were prepared for this purpose of
bandwidth optimization. On the one hand, in the first part of this study, the effect of
varying the titanium to niobium molar ratio while maintaining the same phosphorous to
boron ratio was investigated (Group 1). On the other hand, in the second part of this
investigation, the TiO2 to Nb2O5 ratio was kept constant, and the phosphorus to boron
ratio was changed (Group 2).
Table 4. 5. Thermal – physical – optical properties of glasses in the systems (100-x) NaPO3 – x Nb2O5, and
(100-x) [95% NaPO3 - 5% Na2B4O7] – x
Linear
Density
Group
Glass Composition
Sample
Thermal
Refractive
Code
Analysis
±0.02
x=TiO2 (oC)
(g/cm3)
Index ± 0.05
Tg
Tx
Nb2O5
n(λ=632.8nm)
B

[1]

[2]

(100-x)[95% NaPO3–5% Na2B4O7]
-x
B

90%[(100-x)NaPO3-xNa2B4O7]5%TiO2-5%Nb2O5
B

x = 2.5 - 2.5
x = 5 - 2.5
x= 5 - 5
x = 10 - 3.5
x = 15 - 2
x = 15 - 5
x = 20 - 2
x=5%
x=10%
x=13%
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433
459
468

590
-

2.60
2.65
2.72

1.47

2.72
2.68
2.75

1.54
1.56
1.55

1.54

Figure 4.24 shows the spontaneous Raman spectra of the first set of compositions
illustrated in Table 4.5-Group 1. Notice that the addition of TiO2 – Nb2O5 into the
phosphate matrix helps to depolymerize the phosphate network creating a more
continuous / flat spectral response to up to 1300 cm-1.
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Figure 4. 24. Spontaneous Raman spectra of (100-x) [ 95% NaPO3 – 5% Na2B4O7] – x% family. Excitation
wavelength 632.8 nm
B

It can be seen that a detailed analysis of the spontaneous Raman spectra of these
glasses is very complex due to the multiple contributions of the many Raman-active
species in the glass network. The designation of the main spectral features in the
spontaneous Raman spectra have been previously described in detail, and the assignment
of the different phosphate Raman modes, in the system (100-x) NaPO3 –x Na2B4O7 have
B

been fully described in [Du,93]. Additionally, the Raman spectra of two similar glass
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families

NaPO3-Na2B4O7-TiO2
B

and

NaPO3-Na2B4O7-Nb2O5
B

have

been

already

investigated [Ca,95],[Ca,97]. Using these data, the main Raman bands given in Figure
4.24 can be identified. As previously discussed, the phosphate Raman vibrations can be
found in the > 1000 cm-1 region of the Raman spectrum and the band located around 700
cm-1 (P-O-P vibrations). This last band can be easily distinguished for the low niobium
and titanium oxide concentration. In addition to these bands, there is the strong Raman
vibration at 910 cm-1, attributed to the vibration of the non-bonding Nb-O short bond,
found in isolated NbO6 octahedra units. Convolved within this band is also the Ti-O short
bond Raman band at around 930 cm-1. Other notable Raman signatures can be seen for
features at 640-650, 740, and 830 cm-1. These bands correspond to the symmetric NbO6
and/or TiO6 octahedra vibrations, forming 3D network and chain of corner shared
octahedra TiO6 or NbO6 respectively [Fa,92],[Ca,97]. The low frequency vibrations (<
400 cm-1) are associated with the vibrations involving heavy metal cations (i.e. Ti+4 and
Nb+5) [Mi,88].
In the case of the boron to phosphorous exchange compositions (Table 4.5-Group
2), a similar effect is observed for increasing boron concentration (increasing x). From
the results obtained in Table 4.5-Group 2, by increasing x from x=10% to 13%
(corresponding to a transition of 0.44 to 0.60 in the boron to phosphorous ratio), there is
clear evidence of structural reorganization to the glass matrix taking place. This
reorganization gives rise to a transformation in the thermal stability of the glass, resulting
in the emergence of a measured Tx for the x=10% sample, and an inflection point
(minimum) in the volumetric weight, for the same glass in the series. This reorganization
and corresponding property evolution results from a transition from a phosphate-rich
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glass network to a borate-rich network. Here these statements do not refer to any form or
evidence of phase separation, but rather an indication of which one is the dominant
network former species in the glass. Similar results associated with such a transition have
been observed in the glass system (100-x) NaPO3 – x Na2B4O7 [Du,92], where changes in
B

structural configurations with variation of the B/P network were verified via NMR
[Du,94]. The reorganization in the glass structure has been attributed to the
transformation of four-fold coordinated boron to boron in three-fold coordination
[Du,94]. In the present study, the three-coordinated boron content should abruptly
increase in the region where the glass network goes from a phosphate-rich to borate-rich
(i.e x=10% to 13%) network, where the boron is less likely to participate in the glass
matrix as linkages to the P-O-P bonds. The change in the role of the boron in the network
can cause an inhomogeneous introduction of titanium and niobium into the glass
network, where, when present at low quantities, these heavy metal species function as
modifiers. Here, the introduction of titanium and niobium into the glass is more
compatible for the case of a phosphate-dominant network, where the less constrained
network can accommodate the species’ large ionic size. These structural changes will be
described in the interpretation of the Raman spectra below. Also note that the x=10%
composition is less stable (i.e. important for fiberization) since the difference between its
Tx and Tg is smaller, as compared to the other two compositions. Evidence of this effect
should be confirmed by NMR study of the ratio BIV/BIII.
The absorption spectra of these three different compositions are shown in Figure
4.25. These glasses are transparent throughout the entire telecom window. Also notice
the blue shift of the absorption band-edge with increasing x content, as illustrated in the
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inserted graph, that may indicate a lower niobium and titanium ion volume density, as the
band-edge evolution is related to Nb5+ and Ti4+ content.
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Figure 4. 25. UV-Vis-NIR Absorption spectra of 90% [(100-x) NaPO3 – x Na2B4O7] – 5% TiO2 – 5%
Nb2O5 glass family
B

Shown in Figure 4.26 is the VV polarized spontaneous Raman spectra of these
three glass compositions. The Raman spectral features for these three compositions are
similar to the ones described in detail before. Notice how the introduction of boron
causes significant modifications to the phosphate network, helping to further
depolymerize the phosphate network, providing a more continuous / flat spectral
response.
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Figure 4. 26. VV polarized spontaneous Raman spectra of 90% [(100-x) NaPO3 – x Na2B4O7] – 5% TiO2 –
5% Nb2O5 glass family. Excitation wavelength 514 nm
B

Depicted in Figure 4.27 is the Raman spectral gain curve calculation for the three
bulk samples (black), determined from the absolute spontaneous, polarized Raman crosssection measurements illustrated in Figure 4.26. Note however, that the estimation of the
spontaneous Raman cross-section is more complex and hence less accurate (±15%) in
this glass system, as compared to calculations reported in our previous work on tellurite
glass systems [Ri,04], which will be discussed in detail in the following chapter. This
slight increase in error bars is attributed to the complexity of the glass system, where
there are multiple contributions of the different glass constituents to a particular Raman
band, all of the same order of magnitude, providing a continuous Raman bandwidth.
This is in contrast to the results obtained on tellurites where only one glass constituent
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(TeO2) dominated the gain response and cross-section, both predicted and measured.
Consequently, the deconvolution of the individual Raman spectral features of each
constituent is required to provide better agreement between the calculated spectral Raman
gain response from the spontaneous measurements, and the experimentally obtained
Raman gain coefficients, due in large part to the incoherent nature of the spontaneous
Raman process as compared to stimulated Raman. Such detailed deconvolution has not
been performed here.
Nonetheless, from the estimated Raman gain response one can clearly observe
that the main spontaneous Raman spectral features are still present in the Raman gain
spectra, provided the appropriate Bose-Einstein correction factor to the spontaneous
spectra is employed [St,00]. It is also evident in Figure 4.27 that the greatest contribution
to the gain coefficient is given by the Raman peak around 910 cm-1, which is attributed to
the short d0 ions – oxygen bond in distorted octahedra. This was expected since previous
work [Mi,88],[Ca,95],[Ca,97] has shown that d0 metal ions such as Ti+4, Nb+5, and W+6
are highly polarizable. A small enhancement of the gain coefficient at this particular
vibration, was observed for the glass composition with x=5% (i.e. largest phosphorous to
boron ratio), since, as previously discussed, a phosphate network is more amenable to the
introduction of the d0 ions, giving rise to a slight increase in the number density of
titanium and niobium species able to be accommodated within the glass network. One
can also notice however, that the overall Raman gain response as characterized by the
gain coefficient in the low (up to 1170 nm), peak (1180 nm), and high (> 1180 nm)
regimes for this composition (x=5%) is less uniform over the spectral range shown. As
previously noted, when the boron concentration in the glass is increased, the phosphate
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glass network structure depolymerizes (due to the above-mentioned boron structural rearrangement), with no dominant phosphate vibrations, giving rise to a more uniform, flat
Raman gain spectral response, a feature very desirable for broadband amplification
applications.
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Figure 4. 27. Calculated (black) and experimental (gray) Raman gain spectra of glasses in the system 90%
[(100-x) NaPO3 – x Na2B4O7] – 5% TiO2 – 5% Nb2O5
B

Finally, the experimentally-obtained Raman gain coefficients are also illustrated
in Figure 4.27, and they show good agreement with the spectral gain data calculated from
the spontaneous cross-section measurements, exhibiting the same spectral features within
the experimental errors of both techniques. A measurable discrepancy between the
experimental and predicted gain spectrum is observed in the low wavelength region, most
notably for the x=13% sample. No explanation for this observation can be presented at
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this point; however, there should not be any signs of resonance enhancement at the
wavelengths where these measurements were performed, given that both calculations
were performed far away from the absorption edge of the sample (Figure 4.25). However,
one can speculate that this disagreement is due to water contamination in the sample. The
x=13% composition is highly hydroscopic due to the high concentration of boron in the
glass network. Consequently, this might have affected the measurements, since both
measurements were conducted at different times, and furthermore, the spontaneous
micro-Raman scattering measurement only samples the “surface” of the material, while
the Raman gain measurement averages the gain through the bulk of the sample. Further
analysis is being performed to account for this discrepancy between the two results.
Nonetheless, the Raman gain curves shown in Figure 4.27 reveal that the gain response of
these glasses is of the same order of magnitude as fused silica, with an improved spectral
bandwidth of about 40 THz. This increased bandwidth is more than 5 times that of SiO2.
In summary, this chapter illustrates how through compositional optimization,
different glass samples can be engineered to provide the desired Raman gain bandwidth.
Figure 4.28 compiles the main results concerning the gain versus bandwidth trade-off for
the different phosphate-based glass families studied in this chapter.
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Figure 4. 28. Relative Raman gain coefficient versus amplification bandwidth for different phosphatebased glass families

As summarized in Figure 4.28, these glasses can provide peak Raman gain
coefficients in the order of 10 times SiO2, with increasing Nb2O5 concentration. If
relatively high gain is needed, with a moderate bandwidth, then the TiO2 – Nb2O5 –
Sb2O3 system is preferable since it provides an “almost” flat amplification over a 25 THz
bandwidth (green rectangle). If broader bandwidth is desirable, then the best series is the
multi-component borophosphate network with low concentration of TiO2 and Nb2O5, as it
provides almost 40 THz of amplification (black line). The main trade-off in this situation
is the required amplitude of the Raman gain coefficient.
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CHAPTER FIVE: TELLURITE-BASED GLASSES FOR HIGH
RAMAN GAIN APPLICATION
Recent research work has identified tellurite-based glasses as promising candidate
materials for Raman amplification applications [Mo,01],[St,03],[Ri,04],[Da,04],[St,05],
[Pl,05],[Se,05]. Although pure tellurium oxide (TeO2) can hardly form a glass, the small
addition of a modifier and/or intermediate species into the glass matrix can be sufficient
to create an optically homogeneous glass. Tellurium oxide based glasses have been under
development since the early 1900’s; and, immediately afterwards, they became very
promising materials for potential optical applications. TeO2-based glasses exhibit high
linear and nonlinear refractive indices, their transparency window spans from the visible
to the infrared region, up to 7 μm, and they exhibit high polarizabilities and Raman
scattering cross-sections [Je,99],[O’Do,03],[Se,92]. All these optical properties constitute
crucial factors when Raman gain applications are considered.
Due to this fact, a number of tellurite glass systems have been investigated for
their potential application as Raman gain media. Discussed in this chapter will be how
modifier / intermediate substitution affects the overall TeO2 structural network, and
consequently Raman gain properties.

5.1

Binary TeO2-based Glasses
To ascertain the role of various glass constituents in creating a high gain material,

a literature search was carried out to obtain information for a number of binary tellurite
glasses. Taking this data into consideration, one can predict which glass families will be
the most promising candidates for Raman gain applications. Shown in Figure 5.1 is a
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compilation of the projected relative Raman intensity response of different binary
tellurite glasses. This result was obtained by substituting the appropriate parameters
found in reference [Vo,85] into Eqn. 2.41. This accounts for wavelength dispersion
corrections and internal solid angle confinement. For purposes of comparison, the results
of this calculation assume that the total Raman response at 665 cm-1, which will be
discussed in detail later, is directly related to the total number density of TeO2 molecules
inside the glass matrix. The end points for each binary series represent the upper and
lower boundaries of the glass forming region for the different families [Vo,85].
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Figure 5. 1. Predicted Raman intensity response of the different binary tellurite glasses for the 665 cm-1
Raman peak, attributed to TeO4 bi-pyramidal units

From Figure 5.1 one can clearly see the expected evolution of the Raman intensity
response of the TeO4 Raman vibration as a function of the number density of TeO2
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molecules. Moreover, one can observe the impact of the different modifier / intermediate
species in the glass network. It is not surprising that those compositions containing heavy
metal oxides such Tl2O, PbO, TiO2, WO3, Nb2O5, etc. help enhance the Raman response.
In fact, since the pioneering work of Lines and colleagues [Li,91], it is well known that d0
ions such as Ti4+, Nb5+, W6+ help enhance the nonlinear response of the material, as
discussed in chapter four. Additionally, the presence of Lewis ns2 lone pair in the
electronic configuration, such as in the case of Te, Tl, Pb, can also further enhance the
nonlinear response of the material due to the strong coupling of the electric field with
these free pairs of electrons. In this circumstance, one can speculate that the incorporation
of such components into the glass can function as intermediate / modifier species to the
tellurite structural network, while the alkali / alkaline metal ions only aid in the formation
of a “stable” glass, from the point of view of fiberization.
Previous work attributes the high polarizability and nonlinearity in TeO2-based
glasses to the presence of a Lewis 5s2 lone pair in the electronic configuration. Note that
tellurium atoms have four of their six valance electrons participating in bonds, leaving
one lone pair of electrons. This can be easily justified, since the polarizability emerges
from an electric dipole moment coupling, which is strongly correlated with the 5s2 Lewis
electronic lone pair of tellurium. Moreover, ab-initio calculations have been performed
on (TeO4)-4 and (TeO3)-2 clusters and the results confirm that TeO4 units indeed have a
higher polarizability than the TeO3 units [Be,96]. This in turn is consistent with the fact
that the concentration of TeO4 units increases with the number density of TeO2 in the
glass matrix; thus, the higher the TeO2 concentration, the higher the optical nonlinearity
[Fa,96],[Je,99].
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In order to corroborate this prediction, different binary TeO2 glasses were
investigated. On the one hand, five different compositions with equal TeO2 molar
concentration were prepared in order to examine the impact that different intermediate
species have on the tellurite network. Secondly, different compositions within the same
TeO2 glass system were prepared to look at the behavior of the TeO4 to TeO3 units for
different TeO2 concentrations. These different binary TeO2-based glasses were selected to
conduct a complete structural, chemical, physical, optical study, as the simplest case,
with the aim to establish a correlation between the structure and property of the material
in order to optimize the composition for the desired optical performance.
Table 5.1 (Groups 1 and 2) show how the intermediate species affect some of the
physical – optical properties, including the density and linear refractive index.
Table 5. 1. Physical – optical properties of different binary TeO2 glasses
Group
Glass Composition
Sample Code
Density
±0.02
(g/cm3)
[1]
85%TeO2 – 15%WO3
W15
5.89
85%TeO2 – 15%TiO2
Ti15
5.34
Nb15
5.44
85%TeO2 – 15%NbO2.5
Pb15
6.07
85%TeO2 – 15%PbO
Ga15
5.47
85%TeO2 – 15%GaO1.5
[2]
x TeO2 – (100-x) TlO0.5
x=75%
6.29
x=70%
6.44
x=50%
7.04

Linear Refractive Index
n(λ) ± 0.05
n(532) n(633) n (1064)
2.16
2.12
2.06
2.08
2.11
2.06
2.09
2.05
2.02
1.99
2.08
2.00
1.71

Not surprisingly, the compositions containing the heaviest ions (Tl, Pb, W)
exhibit the highest densities. Also notice their relatively high linear index values, which
are among the highest refractive index values reported for oxide based glasses. Note that,
in the case of the TeO2 – TlO0.5 glass system, as the TeO2 concentration decreases the
density increases while the linear refractive index decreases. The drastic decrease in the

87

refractive index of composition 50% TeO2 – 50% TlO0.5 could be associated with a
noticeable inhomogeneity of the sample.
5.1.1

Glass Compositions with Equal Molar Concentration of TeO2

The VV polarized Raman spectrum of the TeO2-based glasses provides all the
necessary information about the different Raman active modes, as previously discussed
for the case of the phosphate-based glasses. As an example Figure 5.2 shows the VV and
VH polarized Raman spectra for the W15 composition. Typical depolarization ratios are
about 10-30%.
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Figure 5. 2. VV and VH polarized spontaneous Raman spectra for the 85% TeO2 – 15% WO3 composition.
Excitation wavelength 514 nm

Since the future application of any of these compositions as Raman amplifiers
will require the likelihood of drawing these glasses into optical fibers, then a good
thermal stability (i.e. large Tx – Tg) is a crucial factor for this type of application. Figure
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5.3 illustrates the Tg versus Tx evolution for different binary TeO2 glasses in the (100-x)
TeO2 – x glass series, with x = WO3, TiO2, or NbO2.5 mol%, respectively. Note that all
these compostions exhibit Tx – Tg values in the order of 100oC, which makes them
suitable for fiberization. The Tg and Tx values were obtained from reference [Da,04].
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Figure 5. 3. Tg versus Tx evolution for different compositions in the glass series (100-x) TeO2 – x, x =
WO3, TiO2, or NbO2.5 mol%

Figure 5.4 shows the corresponding absorption band-edge for the five different
binary TeO2 glass samples containing equal TeO2 molar concentration. As shown in the
figure, the energy gap is lower for the tungsten sample (W15) (i.e. absorption edge
towards longer wavelength). This is in agreement with calculations reported for titanium,
niobium and tungsten oxide single crystal structures. Thus, the absorption-edge position
of the three compositions containing d0 ions (W6+, Nb5+, and Ti4+) show clear trends, as
suggested by the calculations performed on the single crystal structures, in which the
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effective Sellmeier gaps are 4.5 eV for WO3, 5.5 eV for TiO2, and 6.8 eV for Nb2O5
respectively [Li,91], in good agreement with the results shown in Figure 5.4.
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Figure 5. 4. Absorption edge spectra of 85% TeO2 – 15% x, (x = WO3, TiO2, NbO2.5, PbO, GaO1.5)
compositions

It is important to point out that the absorption tail of the different TeO2-based
compositions extends to approximately 550 nm for all of the different compositions. The
impact of the location of the absorption edge and tail will be discussed in detail in the
following chapter.
Figure 5.5 illustrates the normalized VV polarized Raman spectra of the five
different binary tellurite glass compositions with equal molar concentration of TeO2.
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Figure 5. 5. Normalized VV polarized spontaneous Raman spectra of 85% TeO2 – 15% x, (x=WO3, TiO2,
NbO2.5, PbO, GaO1.5) compositions. Excitation wavelength 514 nm

The different spontaneous Raman spectra illustrate the relevant vibrational
features of TeO2-based glasses [Se,92]. The feature shown around 460 cm-1, has been
assigned to the Te-O-Te chain unit symmetric stretching mode. The vibration at 665 cm-1
has been directly related to the presence of TeO4 bi-pyramids, while the vibration at 750
cm-1 has been attributed to the TeO3+1 and TeO3 trigonal pyramids vibrational units
respectively. As discussed in the previous chapter, the Raman signals located above 800
cm-1, for the case of the compositions containing TiO2, Nb2O5, and WO3, are
representative of the Ti-O, Nb-O, and W-O distorted, short bond vibrations respectively
[Ca,95],[Ca,97],[Ko,92]. Notice that the evolution of the 750 cm-1 Raman band is highly
influenced by the modifier specie added to the tellurite network. In the case of
composition Pb15, there is an enhancement of this vibration due to the presence of lead,
which has an ns2 Lewis electron pair in its atomic configuration, which helps to further
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enhance the Raman hyperpolarizability of the TeO3 vibration. The enhancement of the
Raman hyperpolarizability of the TeO3 vibration could be related to the unique
environment associated with lead ions in the vicinity. Such environment has not been yet
elucidated. This could also be associated to the fact that, perhaps, simply the progress
(kinetics) of the transformation of TeO4 into TeO3 units is faster with lead modifier with
respect to other modifier species, for the same modifier ratio. Such units are directly
related to the presence of a modifier or an intermediate in the glass, and could be
described as TeO4 units with a long Te-O bond. When the amount of intermediate /
modifier is low there are mainly only TeO4 polyhedra present in the glass matrix.
XPS spectra of the Te 3d5/2 peak for the five different binary TeO2-based glasses
with equal TeO2 mole percentage and different intermediate species have been
investigated in order to evaluate the ratio TeO4/TeO3, as shown in Figure 5.6.
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Figure 5. 6. XPS spectra of the Te 3d5/2 peak for the 85% TeO2 – 15% x, (x=WO3, TiO2, NbO2.5, PbO,
GaO1.5) compositions
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The XPS spectra show two distinct Te 3d5/2 peaks. The XPS spectrum can be
decomposed into five different units: TeO4, (TeO3)-, TeO3+1, (Te2O5)2+, and (TeO3)2-, as
given in reference [Mo,02]. Unfortunately, both the TeO4 and (TeO3)- units are
convolved within the main Te 3d5/2 peak at 576.2 eV, hence in this circumstance it is
more suitable to speak about the evolution of “non-TeO4” units (i.e. ratio between the 573
and 576 eV XPS peaks). Similar amount of TeO3 units have been found in all glasses.
Nevertheless, the intensity of the band around 750 cm-1, obtained by the decomposition of
the Raman spectra, is definitely strongly related to the XPS signal around 573 eV as
shown in Figure 5.7. Considering that d0 ions will have similar influence on the tellurite
network, this result allows to clearly relate the Raman vibration at 750 cm-1 to TeO3
structural units, confirming the band assignment discussed before.
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Figure 5. 7. Evolution of the TeO3 trigonal pyramidal units, normalized to TeO4 bipyramidal units from
Raman and XPS spectra decomposition
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Up to this point, the impact of how the different modifier / intermediate species
affect the TeO2 glass network has been demonstrated. The understanding of the structure
of the material and the role of the different intermediate species is crucial for
understanding and optimizing the optical performance (i.e. Raman gain).
Absolute Raman cross-section measurements were conducted in order to estimate
the magnitude of the Raman gain response of the five different binary TeO2-based
glasses. Figure 5.8 (a) and (b) show the calculated Raman gain spectra of the different
compositions at 514 and 752 nm respectively.
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Figure 5. 8. Raman gain spectra for the 85% TeO2 – 15% x, (x=WO3, TiO2, NbO2.5, PbO, GaO1.5)
compositions calculated from absolute spontaneous Raman cross-section measurements at 514 nm (a) and
752 nm (b), normalized to SiO2.

Observations indicate that the Raman gain spectra obtained at 514 nm show
almost a factor of two discrepancy as compared to the Raman gain spectra obtained at
752 nm, even after the appropriate correction factors are applied [St,00]. As it will be
demonstrated in the following chapter, this effect is a direct consequence of the inherent
dispersion of the Raman hyperpolarizability and a resonance enhancement effect. This is
due to the fact that the spontaneous Raman cross-section measurement conducted at 514
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nm lies within the absorption tail of the different TeO2-based samples under
investigation.
Nonetheless, as shown in Figures 5.8 (a) and (b), the different glasses exhibit the
same behavior at the two wavelengths tested, showing the validity of the cross-section
measurements. Moreover, one can observe the evolution of the TeO4 band (υ=665 cm-1)
and TeO3 units (υ=750 cm-1). As expected, the hyperpolarizabilities (i.e. Raman
intensities) of these Raman active modes are enhanced due to the presence in the network
of other highly polarized species (W, Ti, Nb, Pb), which exhibit almost a factor of two
improvement in the gain coefficient, as compared to the composition containing GaO1.5.
Also, from the results obtained one can notice that the composition containing NbO2.5
exhibits the highest peak Raman gain coefficient. However, calculations reveal that the
glass containing TiO2 has the highest overall number density of Te ions per unit volume,
followed by Nb2O5 and WO3 respectively, hence it was expected the 85% TeO2 – 15%
TiO2 composition to exhibit the highest peak Raman gain coefficient at 665 cm-1. As
discussed earlier in the chapter, the peak Raman gain coefficient at the TeO4 vibration
can be related to the number density of Te ions. This assumption is valid for
compositions within the same family, where only the ratio between the TeO4 to TeO3
units changes, while still exhibiting the same polarizability of the TeO4 Raman band.
Considering the case of the glass compositions with d0 intermediate species, then a
similar polarizability of the TeO4 vibration is expected. However, from the Raman
spectra illustrated in Figures 5.8 (a) and (b) one can observe a different organization of
the tellurium network for the Ti15 composition, as compared to W15 and Nb15, which
results in the formation of additional Te-O-Te chain unit vibration. This is more evident
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in Figure 5.5. Thus, in this situation, the amount of Te ions at the TeO4 vibration can be
estimated by the ratio of the integrated Raman cross-section for this particular vibration
to the overall Raman spectrum for from 325 to 800 cm-1, in order to obtain the overall
contribution of the different Te-O vibrational modes. It follows that the number density
of Te ions per unit volume at the TeO4 Raman band is linearly proportional to the Raman
gain coefficient at that particular vibration, as illustrated in Figure 5.9. The dashed line
corresponds to a linear fit of the data, which gives a direct correlation between the
number density of Te ions at the 665 cm-1 Raman band and its corresponding Raman gain
coefficient. Once again, a correlation between the tellurite network and the corresponding
optical property (i.e. Raman gain) has been established.
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Figure 5. 9. Evolution of the peak Raman gain coefficient for the TeO4 vibration, as a function of the
number density of Te ions present in that particular band, for TeO2-based glasses containing d0 ions. Data
has been normalized to the peak Raman gain coefficient of SiO2 (gR=0.89 ± 0.2 x 10-13 m/W at 440 cm-1),
using 1064 nm pumping. The dashed line corresponds to a linear fit of the data
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From the results shown in Figure 5.8 (b), the peak Raman gain coefficient (±10%)
of the TeO4 Raman band (υ=665 cm-1) at 1064 nm was estimated. The values were
normalized to the experimentally-obtained peak Raman gain coefficient of SiO2 (υ=440
cm-1) gR=0.89 ± 0.2 x 10-13 m/W using 1064 nm pumping. The results are illustrated in
Figure 5.10.
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Figure 5. 10. Estimated peak Raman gain coefficient for the TeO4 Raman vibration (υ=665 cm-1) at 1064
nm for the 85% TeO2 – 15% x, (x=WO3, TiO2, NbO2.5, PbO, GaO1.5) compositions, normalized to the peak
Raman gain coefficient of SiO2 (gR=0.89 ± 0.2 x 10-13 m/W at 440 cm-1)

The results shown in Figure 5.10 illustrate peak Raman gain coefficients in the
order of almost 50 times that of the SiO2. Due to this fact, these glasses appear to be
promising candidates for high Raman gain applications.
However, as discussed earlier, in order to have an efficient optical Raman
amplifier, especially for distributed Raman amplification, the gain must surpass the
optical losses. Hence, the best figure of merit, which is related to the performance of the
amplifier, is given by the trade-off between gain and loss. Due to this fact, a PDS setup,
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as described in section 3.2.4, was developed to measure the absorption coefficient of
these millimeter thick bulk glasses at 1064 nm. As discussed in section 3.2.4, the
amplitude of the deflection of the probe beam is related, to first order, to the absorption of
the material. More rigorously, Φ MAX ∝

dn αP
, where P is the pump intensity and k is
dT k

the thermal conductivity. Since the value of k is also unknown, the same measurement
was conducted at 532 nm, where the absorption of the material can be obtained using
other tools such as the Cary 500 spectrophotometer, thus allowing us to correct for
dn
and k. Moreover, an SF59 sample, provided by Schott Glass Technology Inc., was
dT

used as the calibration source for our measurements (αSF59≈0.1/mm @ 1064 nm). Using
this information, the absorption coefficient at 1064 nm was extracted for the five different
binary 85% TeO2 – 15% x, (x=WO3, TiO2, NbO2.5, PbO, GaO1.5) compositions, as
depicted in Figure 5.11.
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Figure 5. 11. Absorption coefficient of 85% TeO2 – 15% x, (x=WO3, TiO2, NbO2.5, PbO, GaO1.5)
compositions, at 1064 nm
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As shown in Figure 5.11, the absorption coefficient of the different binary TeO2
compositions is comparable to that of SF59, except for composition W15, in which the
absorption coefficient is an order of magnitude higher. This huge absorption coefficient is
believed to be related to some impurities in the raw materials for this composition. It is
important to point out that the processing conditions for these compositions were not
optimized. Also, shown in the figure is the absorption coefficient of three of the binary
TeO2-based compositions, which were obtained using a calorimetry technique [Wi,98].
Notice the good agreement between the two set of data.
In addition, the optical losses of these glasses should decrease dramatically at 1.5
μm, which is closer to the wavelength range where these Raman amplifiers will be
deployed in a telecommunication system. In fact, Mori et al. have shown that a similar
TeO2 Raman fiber amplifier exhibits a loss of 20 dB/km at 1.5 μm [Mo,01]. Moreover,
there appears to be a correlation between the absorption coefficient and the ratio between
TeO3 to TeO4 units present in the glass matrix, as illustrated in Figure 5.6. A more detail
analysis must be performed in order to corroborate this assumption.
Even though these glasses exhibit high Raman gain coefficients, the optical losses
are also high; thus, there is no “apparent” improvement in the figure of merit of these
glasses (i.e. Raman gain coefficient versus absorption), as compared to SiO2.
Nonetheless, based on the results shown in this section, one can conclude that such TeO2based glasses appear to be promising candidates for discrete Raman amplification
applications, also known as Raman in a box. These kind of amplifiers are primarily used
in local, metro area networks, where low loss is still desirable, but not a critical factor.
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5.1.2 x TeO2 – (100-x) TlO0.5 Glass System with Enhanced TeO3 Activity

The absorption edge spectra of the glasses in the x TeO2 – (100-x) TlO0.5 system
are shown in Figure 5.12. In this case, decreasing the TeO2 content causes a red shift of
the absorption edge, as illustrated in Figure 5.12.

x TeO2 - (100-x) TlO0.5

30

x=75
x=70
x=50

25

-1

α (cm )

20
15
10
5
0
350

400

450

500

550

600

λ (nm)

Figure 5. 12. Absorption edge spectra of the x TeO2 – (100-x) TlO0.5 glass family

A similar enhancement of the TeO3 vibration, as the one observed for the lead
tellurite composition (Pb15), was evident in this series, as shown in Figure 5.13.
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Figure 5. 13. VV polarized spontaneous Raman spectra of the x TeO2 – (100-x) TlO0.5 glass family,
normalized to SiO2. Excitation wavelength 514 nm

The figure shows the relative intensity recorded for the x TeO2 – (100-x) TlO0.5
glass system. One can clearly observe the decrease of the TeO4 bi-pyramidal units and
the decrease of the vibration associated with the Te-O-Te linkage, as the tellurium
concentration decreases. The relative spontaneous Raman cross-section spectra illustrate
the progressive transformation of TeO4 units into TeO3+1 and TeO3 units.
With targeted compositional tailoring, a noticeable enhancement in the vibration
of the TeO3+1 / TeO3 Raman band can be observed for a composition containing 50%
TeO2 – 50% TlO0.5. This large resonance has been attributed to the presence of thallium
ions in the vicinity of these TeO3 and/or TeO3+1 units, similar to the lead tellurite
composition. In this case thallium strongly depolymerizes the tellurium network. These
just mentioned vibrational entities are largely influenced by the neighboring species in
the glass matrix. Note that thallium ions are also species that possess high nonlinearities
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due to the presence of a Lewis ns2 lone pair; hence by combining tellurium and thallium
in the glass network one would expect, as is experimentally confirmed, significant optical
nonlinear activity [Du,03]. No vibrations directly related to thallium oxide units have
been identified.
The Raman spectral decomposition of the three different members in the family
TeO2 – TlO0.5 was conducted to further illustrate the evolution of TeO4 units into TeO3+1
and/or TeO3 units, as the number density of TeO2 molecules decreases. Figure 5.14
illustrates the evolution of the scattering intensity due to the TeO4 and TeO3 vibrations,
which was determined by the least-squares decomposition into the spectral components
of the experimentally-obtained Raman spectra.
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Figure 5. 14. Ratio and relative intensity of TeO4 and TeO3 units, determined by the least-squares
decomposition into the spectral components of the Raman spectra shown in Figure 5.13. The solid lines are
drawn as a guide to the eye

As expected, the ratio of TeO4 to TeO3 units decreases with decreasing TeO2
concentration. Also notice that the overall decay ratio is almost linear with respect to the
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number density of TeO2 molecules. Although it is not shown here, this behavior is also
consistent for other binary TeO2 glass systems [Se,92]. Moreover, the intensity of the
TeO4 Raman mode decreases almost linearly with TeO2 concentration, while the intensity
of the TeO3 units abruptly increases. As previously discussed, this is related to the fact
that the TeO3 vibrational entities are largely influenced by the neighboring species in the
glass matrix, while the Raman response of TeO4 units can be directly correlated to the
number density of TeO2 molecules in the network for the particular glass system,
showing a linear dependence, as predicted in Figure 5.1.
From the results shown above one can conclude that the scattering cross-section
of the TeO3 units is going to be highly influenced by the intermediate / modifier species
added to the tellurium network. In the case of glass compositions where other ions having
ns2 lone pairs replaces the tellurium oxide, the assumption that these TeO3+1 or TeO3 give
independent optical response should be disregarded, and larger clusters have the be

considered [No,03],[No,04].
The Raman gain coefficient for the TeO4 (υ=665 cm-1) and TeO3 (υ=750 cm-1)
Raman vibrations for the x TeO2 – (100-x) TlO0.5 glass system were obtained using the
direct NLO Raman gain technique. The results are shown in Table 5.2.
Table 5. 2. Raman gain measurements of the x TeO2 – (100-x) TlO0.5 glass system at the TeO4 (υ=665 cm) and TeO3 (υ=750 cm-1) Raman peaks.
TeO3 (υ=750 cm-1)
Glass Composition
TeO4 (υ=665 cm-1)
-13
gR x 10 (m/W)
gR x 10-13 (m/W)
(mol%)
75%TeO2 – 25%TlO0.5
25±4
19±3
70%TeO2 – 30%TlO0.5
21±4
23±5
50%TeO2 – 50%TlO0.5
14±3
52±3

1

As depicted in Table 5.2, the enhancement of the TeO3 Raman band can be
clearly observed for increasing TlO0.5 concentration. In the case of composition 50%
TeO2 – 50% TlO0.5, a value of 52 x 10-13 m/W for the Raman gain coefficient was
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measured. This represents the highest directly measured peak Raman gain coefficients for
oxide glasses to date, corresponding to an improvement of more than 50 times the gain of
fused silica at 1064 nm.

5.2 Other High Gain TeO2-based Glasses in the TeO2–TlO0.5–PbO
System
In the previous section it was shown that there are different ways to increase the
Raman gain performance of these TeO2-based glasses using simple binary glass systems.
The most evident way to increase the peak Raman gain coefficient of tellurite glasses is
to increase the TeO2 concentration. This causes an increase in the number of TeO4 units,
which, as previously reported, possess the highest hyperpolarizability [Be,96]. To avoid a
strong decrease in the hyperpolarizability when intermediate species are added, WO3,
Nb2O5, TiO2 which also have reasonably large polarizability, can be used [Li,91]. The
other proposed procedure is to combine the TeO2 network with other highly polarizable
species such as TlO0.5 and/or PbO, which aid to enhance the overall Raman response
[Je,99].
In the same framework, three different glass compositions in the ternary system
TeO2 – TlO0.5 – PbO were prepared. Notice that all three glass constituents have ns2
Lewis electrons pairs, which are responsible for the observed high n2 nonlinearities in
these glasses [Fa,96],[Du,03]. The three compositions were engineered such that they all
exhibit the same TeO2 to TlO0.5 ratio, while increasing the PbO content from 5 to 15
mol%.
Table 5.3 illustrates the density and linear refractive index of the three different
compositions.
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Table 5. 3. Physical – optical properties of glasses in the system TeO2 – TlO0.5 – PbO
Linear Refractive Index
Glass Composition
Sample
Density
Code
n(λ=633nm) ± 0.05
±0.02
(g/cm3)
66.5%TeO2-28.5%TlO0.5-5%PbO
Pb5
6.55
2.07
63%TeO2-27%TlO0.5-10%PbO
Pb10
6.69
2.06
59.5%TeO2-25.5%TlO0.5-15%PbO
Pb15
6.78
2.08

As shown in Table 5.3, there is an increase in the density with increasing lead
content; however, the linear index remains almost constant, to within the experimental
errors of the technique. This is in good correlation with the similar locations of the
absorption edges illustrated in Figure 5.15.
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Figure 5. 15. Absorption edge spectra of samples in the system TeO2 – TlO0.5 – PbO

The VV polarized Raman spectra of the three different glass samples are
illustrated in Figure 5.16.
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Figure 5. 16. VV polarized spontaneous Raman spectra of samples in the system TeO2 – TlO0.5 – PbO.
Excitation wavelength 514 nm

The same Raman signatures and evolution of the different Te-O vibrations is
evident in Figure 5.16, as previously discussed in section 5.1. Notice that in these
compositions the main Raman vibration occurs at 750 cm-1 and is assigned to the TeO3
trigonal pyramidal units. One can clearly see from the figure that the amplitude of this
band increases with decreasing TeO2, and increasing PbO concentration. Moreover, the
relative ratio between the TeO3 band and the TeO4 vibration significantly increases with
increasing PbO, which supports the fact that the TeO3 entities are largely influenced by
the species surrounding the TeO2 glass network, even though the overall Raman response
was not dramatically enhanced. This increase is also related to the lower lying Te-O-Te
vibrations located at 450 cm-1. The results obtained show that when ions with lone pair of
electron like thallium or lead can be added in tellurite glass in large amount, the vibration
at 750 cm-1 is enhanced. These results demonstrate the effect of other constituents which
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can drastically modify the shape and the intensity of the Raman response of tellurite glass
network.
As an example, Figure 5.17 illustrates the directly measured Raman gain curve
that have been superimposed on the spontaneous Raman spectrum for composition
63%TeO2 – 27%TlO0.5 – 10%PbO.
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Figure 5. 17. Experimentally-obtained Raman gain spectra for composition 63%TeO2 – 27%TlO0.5 –
10%PbO, normalized to the peak Raman gain coefficient of SiO2 at 1064 nm

Peak Raman gain coefficients of in the order of 40 times that of SiO2 have been
achieved in the TeO2 – TlO0.5 – PbO glass system [St,05].
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5.3 Broad Spectral Gain TeO2-based Glasses in the TeO2–PbO–P2O5–
Sb2O3 System
In order to combine the strength of the tellurite vibration with an increase in the
spectral breadth of the spontaneous Raman curves, multiple network formers whose
vibrations spanned different spectral regions were used. A series of lead-phosphotellurites was prepared as shown in Table 5.4. Glasses were prepared to evaluate the
impact of network former used (TeO2 / P2O5 ratio) and the influence of other heavy metal
oxide additives (PbO, Sb2O3) on the material properties and Raman response. The three
bulk glass samples within the family TeO2 – PbO – P2O5 – Sb2O3 were engineered such
that, samples 1 and 2 possess almost the same Te-Pb and Te-P ratios, and different Te-Sb
ion ratio. On the other hand, in compositions 2 and 3, the Te-Sb ion ratio is almost
identical, while the Te-Pb and Te-P ratios increase by almost three times.

These

compositional modifications were chosen to evaluate the impact of glass former/modifier
types on the resulting structure and corresponding spontaneous Raman bandwidth.
Recall, that the goal of this study is to both maximize both the Raman intensity and
spectral bandwidth within a given system.
Table 5. 4. Physical – optical properties of glasses in the system TeO2 – PbO – P2O5 – Sb2O3
Linear Refractive Index
Glass Composition
Sample
Density
Code
±0.02
n(λ) ± 0.05
n(532)
n(1064)
(g/cm3)
48%TeO2-17%PbO-17%P2O5-18%Sb2O3
sam 1
5.34
1.98
1.97
sam 2
5.13
1.99
1.94
56%TeO2-20%PbO-20%P2O5-4%Sb2O3
sam 3
5.38
2.05
1.99
76.5%TeO2-9%PbO-9%P2O5-5.5%Sb2O3

From the density results shown in Table 5.4 it is apparent for compositions 2 and
3, as the tellurite concentration increases, the density also increases. However, even
though sample 1 has the lower TeO2 concentration, it shows an increase in density, which
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is correlated to the concurrent molar increase of antimony, resulting in a corresponding
increase in the total amount of heavy atoms inside the glass matrix, as compared to
sample 2. Notice that the index of refraction values at 1064 nm exhibit the same behavior
as the density measurements since there is a well-established correlation between the
index of refraction and the density, (or number density of oscillators) given by the simple
harmonic oscillator model [Ya,84]. Using this argument, there is a slight discrepancy in
the index measurements at 532 nm, however the results are within the experimental error
of the measurement.
The visible and IR absorption spectra of bulk samples 1, 2, and 3 are shown in
Figures 5.18 and 5.19 respectively.
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Figure 5. 18. UV-Vis-NIR absorption spectra of glasses in the system TeO2 – PbO – P2O5 – Sb2O3
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Figure 5. 19. IR absorption spectra of glasses in the system TeO2 – PbO – P2O5 – Sb2O3

As shown in Figure 5.18, the transparency window of these glasses spans the
range from approximately 400 nm to 2500 nm, making them suitable for telecom
applications. It can be seen in the insert of Figure 5.18, that there is a blue shift in the
absorption edge with increasing tellurite concentration for compositions 1 and 2, and an
apparent red shift of the optical band gap for sample 3. This is due to the fact that, as the
antimony content (sam 1) is increased with a slight decrease in Te content, there is a
relative red shift of the absorption edge. This absorption edge shift is believed to be due
to a charge transfer from the oxygen to the metal, although it is not currently clear which
metal, Te, Pb, or Sb, is responsible for this shift in absorption. Once again, there is a
correlation between the behavior of the absorption and index of refraction measurements
given by Kramers-Kronig relation [Ya,84].
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Figure 5.19 illustrates the IR absorption spectra of the same three compositions
previously described. As shown in the figure, sample 2 exhibits a higher absorption than
sample 3 due to the increase in phosphate concentration, as illustrated by the peak around
3000 cm-1. This vibration has been assigned to the (R)-OH groups participating in oxygen
bonding inside the glass network, such as P-O bonds. Moreover, the vibration at about
3500 cm-1 has been attributed to the stretching of (R)-OH free groups [Ef,00].
Furthermore, it can be seen that the addition of antimony decreases the IR absorption of
the glass (sam 1). This effect could be related to the formation of different phosphate
groups, with the formation of P-O-Sb bonds for large antimony content, avoiding the
formation of hydroxyl groups, not desirable for this application. This assumption remains
to be confirmed using reflectance IR spectroscopy, for example.
The VV polarized Raman spectra of the three different multi-component TeO2based compositions are shown in Figure 5.20. Notice the increase in the TeO4 Raman
vibration (665 cm-1) with increasing TeO2 concentration.
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Figure 5. 20. VV polarized spontaneous Raman spectra of glasses in the system TeO2 – PbO – P2O5 –
Sb2O3, and their least-squares decomposition into their spectral components. Excitation wavelength 514 nm

Also shown in Figure 5.20 is the best fit to the peaks of the spontaneous Raman
spectra, which was determined by “best-fitting” the experimentally obtained Raman
spectra. A peak-position summary of the main Raman active modes is presented in Table
5.5.
Table 5. 5. Raman peak assignment for glasses in the system TeO2 – PbO – P2O5 – Sb2O3
Peak Fitting
Peak Position
Alternative Peak Assignment
(cm-1 ± 5 cm-1)
Number
1
280 - 380
bridging modes of heavy metal glass constituents (i.e. Pb, Sb, Nb,
W) [Mi,88]
2
460
Te-O-Te chain unit symmetric stretching mode [Se,92],[Je,99]
3
600
Te-O-Te chain unit antisymmetric stretching mode, in continuous
network of TeO3 trigonal pyramids [Se,92],[Je,99]
4
665
Te-O-Te vibrations associated with the presence of TeO4 trigonal
bi-pyramidal units [Se,92]
5
750
TeO3+1 and/or TeO3 trigonal pyramids vibrational units
[Se,92],[Je,99]
6
870
P-O-P chain unit antisymmetric stretching mode [Du,93]
7, 8
985, 1087
PO2 stretching modes in metaphosphate units, in different
environments [Du,93]
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Due to the high hyperpolarizability of TeO2 species, it is important to maintain a
relatively low TeO2 concentration, for purpose of bandwidth optimization, as illustrated
in Figure 5.20. Of course, this means that there will be a trade-off between intensity and
bandwidth. Hence, for the purpose of bandwidth optimization sample 1 appears to be the
best candidate providing a continuous bandwidth of over 1200 cm-1 (36 THz), with peak
Raman gain coefficients about 10 times SiO2, exhibiting also a relatively low OH content
for broadband fiber transmission. The only apparent drawback with this type of glass
family is the non-uniform spectral gain.
In summary, as demonstrated throughout this chapter, TeO2 based glasses appear
to be promising candidates for high gain discrete Raman amplification applications.
Figure 5.21 shows the gain versus bandwidth trade-off for different tellurite-based
glasses.
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Figure 5. 21. Relative Raman gain coefficient versus amplification bandwidth for different tellurite-based
glass families at the peak TeO2 Raman band
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The blue triangle depicted in Figure 5.21 summarizes the behavior of the TeO4
Raman band for binary TeO2-based glasses with high TeO2 concentration and different
intermediate glass constituents. The highest corner of the triangle indicates that TeO2
glasses with Tl2O, PbO, Nb2O5, WO3, and TiO2 exhibit higher Raman gain coefficients
than samples containing Ga2O3 and Al2O3 (lower corner), for the same TeO2 molar
concentration. As illustrated in this chapter, the addition of highly polarizable species
such as Tl, Pb, W, Ti, etc to the tellurite network can help enhance the Te-O related
Raman vibrations, with the largest enhancement observed for the TeO3 trigonal
pyramidal units when other ns2 species are present in the vicinity of these units. In the
case where the TeO4 and TeO3 units display almost the same Raman intensity, then there
is a small trade-off in the gain, but of course, in this situation one can combine the
bandwidth of the two Raman vibrations, providing a comparable bandwidth to that of
SiO2, with more than 30 times the gain (blue triangle, right corner). Moreover, if a
broader bandwidth is desirable, these glasses can provide a continuous amplification
bandwidth of up to 25 THz (i.e. including the entire Raman spectrum), with almost 10
times the gain coefficient as compared to SiO2, throughout the entire spectral range
(green line), although the gain spectrum is not flat. Finally, the yellow line shown in
Figure 5.21 illustrates that there is a progressive increase of the TeO4 Raman vibration
with increasing TeO2 content, for the same glass system. The gain coefficient of the TeO4
Raman band is linearly proportional to the number density of Te ions per unit volume. To
date, an improvement in the peak Raman gain coefficient of more than 50 times that of
SiO2 has been achieved.
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CHAPTER SIX: DISPERSION OF RAMAN
HYPERPOLARIZABILITY TENSOR AND RESONANCE
ENHANCEMENT PHENOMENA
As previously discussed, recent publications, including this work, have identified
tellurite-based glasses as promising Raman gain materials, due to their high gain
coefficients as compared to SiO2 [Mo,01],[St,03],[Ri,04],[St,05],[Da,04],[Pl,05],[Se,05].
However, discrepancies of up to a factor of two have been reported for Raman gain
coefficients measured by spontaneous Raman scattering in the visible and direct
measurements of the Raman gain coefficient with 1064 nm pumping, even after the usual
wavelength dependencies are applied [St,03],[Da,04], [Se,05],[Pl,05].
In this chapter it is shown that these discrepancies are a direct consequence of
wavelength dispersion in the Raman susceptibility itself which is accentuated when the
wavelength of the absorption edge of the test glasses occurs near the laser wavelength
used for the Raman scattering measurement. Specifically, this has been demonstrated by
measuring the Raman spectrum, relative to silica, at four wavelengths spanning the range
458 – 1064 nm. Furthermore it is also shown that in multi-component glasses the
spectrum actually changes its shape with laser wavelength because different Raman
vibrations are coupled to different electronic molecular resonances whose peak
absorptions occur at different wavelengths.
Frequency

dispersion

in

nonlinear

coefficients,

including

the

Raman

susceptibility, is well-known in nonlinear optics [Ka2,71],[He,75],[Bo,78],[Yo,03],
[Li,05]. Although the Raman susceptibility also exhibits dispersion with frequency, it is
not á priori the same as the refractive index dispersion because not all of the vibrational
modes couple (modulate) equally to the molecular polarizability [Ka2,71]. If there is one
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dominant peak in the Raman spectrum due to coupling to a dominant electronic transition
(responsible for the dispersion in the refractive index in the wavelength range of interest),
then, assuming that the resonant enhancement in the susceptibility ∂α ijk ,r (ω P − ω k ,r ) / ∂Qβk
for frequencies below the band edge is linearly proportional to the resonant enhancement
in α ijk ,r (ω P − ω k ,r ) , this enhancement is approximated by (n 2 (ω P ) − 1). This correction has
been proven to work in the case of fused silica [St,00],[Is,00]. In fact, usually only a
limited number of electronic transitions are important, as is well-known from typical
absorption spectra. In general, the closer the laser excitation frequency is to ω k, r the
larger the enhancement in the Raman susceptibility and the more intense the particular
Raman peaks will be. Furthermore, in such conditions, if two different vibrations couple
to susceptibilities whose associated absorption maxima have different resonance
frequencies ( ω k, r ), then their relative contributions to a Raman spectrum will change
with frequency ωP. These are the two features which will be examined experimentally
here to test the importance of frequency dispersion of the Raman cross-section on
measurements of Raman spectra at different frequencies ωP and hence the aforementioned differences in reported values.
In order to address these discrepancies and prove the above hypothesis, a multiwavelength Raman cross-section experiment was conducted on two different TeO2-based
glass samples. A tellurium-tungsten oxide glass (glass composition 85% TeO2 – 15%
WO3) was studied since this composition is similar to that previously studied by the
different research groups which have disputed some of the direct Raman gain
measurements [Da,04],[Se,05],[Pl,05]. The other composition studied was a telluriumniobium oxide glass (composition 85% TeO2 – 10% Nb2O5 – 5% MgO). These two
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glasses were selected for their enhanced third order nonlinearity, and strong Raman
scattering cross-section due to TeO2, which is further enhanced by the presence of d0
species such as W6+ and Nb5+ [Li,91],[Be,96],[Je,99].
Although the 85% TeO2 – 15% WO3 has been previously introduced (W15),
Table 6.1 summarizes the respective density and linear refractive index values, for these
two TeO2-based glasses chosen for this multi-wavelength Raman cross-section
measurement study.
Table 6. 1. Physical – optical properties of two different TeO2-based glasses, as compared to SiO2
Linear Refractive
Glass Composition
Sample
Density
λcut-off
Code
Index n(λ) ± 0.05
±0.02
(nm)
532 / 633 / 1064 nm
(g/cm3)
85%TeO2 – 15%WO3
W
5.89
2.16 2.14 2.12
450
85%TeO2 – 10%Nb2O5 – 5% MgO
Nb
5.26
2.08 2.07 2.00
410
SiO2
SiO2
2.20
1.461 1.457 1.450*
165
* Linear refractive index for SiO2 was obtained from the Sellmeier dispersion equation

Note that the simple approximation for the dispersion in the Raman susceptibility
for W and Nb is 3.67 (3.33) at 532 nm and 3.49 (3.00) at 1064 nm, for (n 2 (ω P ) − 1) . The
maximum correction in this case is only 23%.
The measured absorption band-edges of these two glasses are also summarized in
Figure 6.1. Notice that even though the absorption bandgap is different for the two TeO2
samples, they both exhibit an absorption tail up to 550 nm, as it was noted in the previous
chapter. Also shown in the figure is the absorption edge of a silica Suprasil Standard
sample. Notice that in the case of the fused silica, the absorption edge is deep in the UV
region of the spectrum, and no resonance enhancement effect would be expected to take
place at the visible wavelengths.
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Figure 6. 1. Absorption edge spectra of samples W, Nb, and SiO2.
Notice that 195 nm is the lowest wavelength resolution of the Cary500 Spectrophotometer.

Figure 6.2 illustrates the spontaneous Raman spectra of the two samples, after
normalization to SiO2, as a function of the excitation wavelength. From the preceding
discussion on frequency dispersion of the Raman gain coefficient from chapter two, the
ratio of the Raman gain for a glass at two different frequencies ωP1 and ωP2, is given in
terms of the Raman intensities by
g R β (ω P 2 − Ω rβ )
r ,k

g R β (ω P1 − Ω β )
r ,k

r

=

(ω P 2 − Ω β ) n(ω P1 − Ω β ) n(ω P 2
r

r

3

I β (ω P 2 − Ω β )
k ,r

×

[
) [1 − R (ω

]
)][1 − R (ω

(ω P1 − Ω rβ ) 3 n(ω P 2 − Ω rβ )n(ω P1 ) 1 − R (ω P1 − Ω rβ ) [1 − R (ω P1 )]

I inc (ω P 2 )

r

− Ωβ
r

P2

P2

)]

(6. 1)

I inc (ω P1 )
.
I βk ,r (ω P1 − Ω rβ )

Note (1) that these expressions are corrected for internal solid angle, Fresnel
transmission and frequency dispersion in the linear index, and (2) that Stolen has found
that the ratio for the Raman susceptibility for fused silica is essentially independent of
wavelength over the range 526 – 1064 nm (maximum frequency dispersion correction of
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5% for this wavelength range) [St,00]. This is reasonable because the main absorption
band-edge of fused silica occurs at about 165 nm, well-removed from 458 nm (our lowest
experimental wavelength). Therefore normalizing the Raman data for the tellurite glasses
to that of fused silica reveals the dispersion properties of the Raman susceptibility of
those glasses. Furthermore, by measuring the Raman spectra of a test glass under the
same experimental conditions as for fused silica at a laser wavelength for which the peak
Raman gain for fused silica is known, the peak Raman gain of the test glass at that
g R β (ω P1 − Ω rβ )
r ,k

frequency for a Raman active mode can be deduced,

[
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]
)][1 − R (ω
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r

3

r'

r

P1

)]

I inc (ω P1 )

I inc ' (ω P1 )
,
I (ω P1 − Ω rβ' ' )
r ', k '
β'

where the prime parameters belong to fused silica. Explicitly, Ω rβ' ' is the peak Raman
frequency shift at 440 cm-1 (Δυ = 13.2 THz) in fused silica, and Ω rβ is the Raman active
mode of either the 665 cm-1 (Δυ = 20 THz) or 920 cm-1 (Δυ = 27.6 THz) vibration in the
tellurite glass. The reason for the analysis of both Raman active modes in a tellurite glass
with respect to fused silica is discussed later in the text.
Once this value is found for the test glass, the “almost” frequency independence
of the fused silica Raman susceptibility allows the frequency dependence of the Raman
susceptibility of the test glass to be evaluated by ratioing the test glass Raman intensity
spectrum to that of fused silica at the new frequency. By normalizing to fused silica, a
frequency-independent Raman susceptibility for the “test” glass with respect to fused
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(
(ω
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silica would be expected to yield a curve with zero slope when

r ', k '

gRβ'

)
)

r'
P1 − Ω β '

is

plotted as a function of pump wavelength. This is not the case according to Figure 6.2.
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Figure 6. 2. VV polarized experimentally-obtained spontaneous Raman Spectrum of samples W and Nb,
normalized to SiO2

From Figure 6.2 large decrease in the relative intensity of the Raman scattered
signal with increasing excitation wavelength between 458 and 752 nm is clear. Note that
since all the spectra have been normalized to SiO2, the 1/λ4-wavelength dependence
cancels out. This result clearly illustrates a strong dispersion dependence of the Raman
susceptibility tensor.
The Raman gain spectra were obtained from the spontaneous Raman cross-section
measurements at the different wavelengths. As previously discussed, the Raman gain
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spectrum parallels the spontaneous Raman cross-section, after correction for the BoseEinstein correction factor [St,72], and the Raman gain coefficient can be obtained using
Eqn. 6.1 once a measured value at a specific wavelength is known. The value of the
Raman gain of gR = 1.5 ± 0.15 x 10-13 m/W, for a frequency shift of 330 cm-1 (Δυ = 9.9
THz), as measured by Stolen et al. with 526 nm pumping was used to fix the value of gR
at 514 nm. Figure 6.3 illustrates the Raman gain coefficient obtained for the strongest
Raman resonance in these glasses at 665 cm-1 (Δυ = 20 THz), attributed to the TeO4 bipyramidal units, and the 920 cm-1 vibration attributed to W-O short bond, as discussed
above. Also shown in Figure 6.3 is the Raman gain obtained by using a crude
approximation

to

the

wavelength

dispersion
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Raman
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as (n 2 (ω P − Ω rβ ) − 1) [St,00],[Is,00].
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Figure 6. 3. Estimated multi-wavelength Raman gain coefficient at the peak Raman vibration (TeO4 units
at 665 cm-1 (Δυ = 20 THz)), and W-O vibration (at 920 cm-1 (Δυ = 27.6 THz)) respectively, normalized to
SiO2. The dash line is used as a guide to the eye. The solid lines represent the (n 2 (λ ) − 1)2 approximation to
the dispersion.
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It is clear from Figure 6.3, that there is a factor of two discrepancy between the
cross-section measurements conducted in the blue-green visible wavelengths, as
compared to the cross-section data obtained in the NIR region. There is a resonance
enhancement of the Raman cross-section because the spontaneous Raman measurements
were conducted near the absorption edge of the material. Hence, this result indicates that
the laser wavelength is close to the electronic dipole transition coupled to this particular
vibrational mode. Furthermore, in these cases, the crude approximation for the
wavelength dependence of the Raman susceptibility strongly underestimates the
measured wavelength dependence. Note that for wavelengths longer than 752 nm, the
relative gain coefficient is essentially independent of wavelength to within the
experimental error.
Direct Raman gain measurements were conducted with 1064 nm pumping on the
same samples using the Raman gain setup described in section 3.3.2 [St,03],[St2,05].
Notice that using this technique, one can extract the absolute Raman gain coefficient
without normalization to any reference standard (pure fused silica is used as a calibration
check to ensure the accuracy and precision of the Raman gain measurements made on
other materials of interest). Table 6.2 shows the values of the directly measured Raman
gain coefficient of both bulk samples at the 665 cm-1 (Δυ = 20 THz) Raman resonance,
along with the estimated values obtained from the relative cross-section Raman scattering
measurements performed with 1064 nm pumping. The values in Table 6.2 differ from
those in [St,03] because the depolarization ratio presented before, and defined in [Se,92]
was not applied at that time, and it is an additional correction factor that is necessary in
the direct Raman gain measurement technique. Note that in order to correct to the
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absolute Raman gain coefficients, such as those reported in [St,03], the Raman gain
coefficients obtained from the spontaneous Raman spectra, must be multiplied by the
Raman gain response of SiO2 at the 440 cm-1 (Δυ = 13.2 THz) peak vibration. Typical
measured gain coefficients for fused-silica at the 440 cm-1 (Δυ = 13.2 THz) peak Raman
vibration, using a 1064 nm pump excitation, range from 0.92 to 0.74 x 10-13 m/W
[Og,05]. For this particular calculation a measured value of 0.89 ± 0.2 x 10-13 m/W with
1064 nm pumping was used, employing the setup described in [St,03],[St2,05]. The
agreement between the directly measured value and that deduced from the spontaneous
Raman measurement for the Raman gain coefficient results verifies the validity and
consistency of both techniques. Furthermore, it is clear that the reported discrepancies in
Raman gain coefficients between references [Da,04],[Se,05],[Pl,05] and [St,03] are due
to the resonant enhancement of the Raman susceptibility coefficient in the visible which
was not known at that time.
Table 6. 2. Calculated and experimentally measured Raman gain coefficient with 1064 nm pumping, at the
peak Raman resonance at 665 cm-1 (Δυ = 20 THz)
gRexperimental x 10-13 (m/W) ± 10%
Sample
gRcalculated x 10-13 (m/W) ± 15%
(from Spontaneous Raman cross-section)
(from direct NLO Raman gain technique)
Code
W
40
38
Nb
26
26

Further evidence for the role played by a close proximity of the Raman scattering
excitation laser frequency to the frequency associated with the electronic transitions
which couple to the vibrations was obtained by studying the shape of the Raman
spectrum at different wavelengths. This can be demonstrated by identifying Raman peaks
for which the Raman-relevant electronic transitions are well-separated in frequency, but
still close to the laser frequency. M.E. Lines has estimated the effective Sellmeier gap
ES(eff) value for single-crystals transition metal (TM) oxides with empty d-bands and
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TeO2, and found that the electronic transitions for the species WO3, Nb2O5 and TeO2
occur at ~ 4.5, 6.8 and 6.3 eV respectively, corresponding to vacuum wavelengths of 276,
183 and 197 nm [Li,91],[Li2,91]. While the differences in the local environment between
single crystals and a multi-component glass would be expected to affect primarily the
shape and spectral width of the electronic transitions, it is reasonable to assume that the
actual peak transition wavelengths would only be affected weakly. Hence the crystal
values for λk, r of the dominant transitions responsible for the Raman susceptibility were
used. The dominant vibrational Raman peaks associated with these species occur at 920
cm-1, 880 cm-1, and 665 cm-1 (Δυ = 27.6 THz, 26.4 THz, and 20 THz) respectively. The
Raman peaks at 920 cm-1 and 665 cm-1 (Δυ = 27.6 THz and 20 THz) are strong in the
85%TeO2 – 15%WO3 sample and the difference in the wavelengths associated with the
electronic transitions is large, 79 nm versus 14 nm for the 85% TeO2 – 10% Nb2O5 – 5%
MgO sample respectively. Hence the sample W is the obvious choice for these
measurements.
Although both Raman peaks of W are resonantly enhanced in the visible (Figure
6.4), the relative location of the absorption peaks implies that the enhancement should be
larger for the 920 cm-1 (Δυ = 27.6 THz) Raman line, as is evident from Figure 6.5.
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Figure 6. 4. Estimated Raman gain spectra of 85% TeO2 – 15% WO3 obtained at different wavelengths,
normalized to the peak Raman gain coefficient of SiO2 (gR=0.89 ± 0.2 x 10-13 m/W at 440 cm-1). Shown
SiO2 Raman spectrum multiplied by a factor of 10 for comparison purposes

In fact, a large resonance enhancement of the 920 cm-1 (Δυ = 27.6 THz) Raman
vibration was observed for wavelengths in the visible, after normalizing to the peak
Raman gain coefficient at 665 cm-1 (Δυ = 20 THz). This is shown in Figure 6.5, along
with the Raman gain spectrum obtained by the direct gain measurement technique with
1064 nm pumping. This change in the spectrum fully supports the hypothesis that
electronic enhancement occurs in these glasses because the Raman spectrum was
measured with laser wavelengths near the absorption edge of the glasses.
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Figure 6. 5. Spontaneous Raman spectra of 85% TeO2 – 15% WO3 obtained at different wavelengths,
normalized to the peak Raman gain value at 665 cm-1 (Δυ = 20 THz), measured with 1064 nm pumping.

In conclusion, it was experimentally demonstrated that there is significant
dispersion with wavelength in the Raman susceptibility tensor for spontaneous Raman
measurements taken near the band edge. Also shown were changes with wavelength in
the shape of the Raman spectrum of multi-component glasses when measured under these
conditions. Thus, even though a spontaneous Raman scattering measurement is the
preferred tool to measure the Raman gain response of materials, one should consider the
appropriate corrections when conversions from measurement to operating wavelengths
are needed. Finally, this chapter resolves recent discrepancies reported in the literature for
Raman gain coefficients of tellurites measured in the visible versus at 1064 nm pumping.
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CONCLUSION
In conclusion, this dissertation summarizes findings on different oxide-based
glass matrices that have been engineered and characterized for Raman gain applications.
The results obtained demonstrate that material engineering can provide promising
candidates for next generation Raman amplifiers. As a rule of thumb, the following
diagram summarizes the material’s FOM for different glass families, at 1 μm.

Gain versus Loss at 1 μm

From the results shown in the figure one can clearly observe a similar trend for
the Raman gain and the absorption coefficients of the different glass families. Although
there is an improvement of the Raman gain coefficient for the different glass families,
there is also an increase in the absorption coefficient, as compared to SiO2. Thus, it seems
like there is no “apparent” improvement in the FOM of the different glass families, when
compared to SiO2. Nonetheless, even though the measured absorption values at 1 μm are
relatively high, one should point out that the processing conditions for these glasses were
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not fully optimized in order to obtain the highest optical quality. Moreover, the optical
losses of these glasses are expected to decrease dramatically at 1.5 μm, which is closer to
the wavelength range where these Raman amplifiers will be deployed in a
telecommunication system. In addition, there is a clear improvement in the bandwidth of
some of these glasses, as compared to SiO2.
In this dissertation, a large number of glass compositions have been investigated
as promising candidates for Raman gain applications, depending on the functionality
needed for specific devices. In this study, the impact of network formers, intermediate,
and modifier glass constituents in the network structure was evaluated, and it was further
demonstrated how the incorporation of such species in the glass matrix can be utilized to
obtain an optimum optical performance. In addition, a number of glass compositions
were engineered by substituting and combining different modifiers into the glass network
to investigate the effects that these modifier species have on the Raman response of the
glass.
The results achieved illustrate that multi-component phosphate and borophosphate
glass families can be used to amplify over a broad spectral region, while tellurite-based
glasses appear to be promising candidates for high gain / narrow band applications. To
this point in the project it was demonstrated that phosphate-based glasses provide a
continuous bandwidth of up to 1300 cm-1, equivalent to 40 THz, an improvement of 5
times the bandwidth of SiO2. It was also shown that tellurite-based glasses exhibit peak
Raman gain coefficients up to 50 times greater than that of fused silica. Thus, based on
the results obtained to date we can conclude that phosphate and tellurite-based glasses
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appear to be promising candidates for next generation broadband and high-gain Raman
amplifiers, respectively.
Other findings of this dissertation include the inherent frequency-dispersion of the
Raman susceptibility and a resonance enhancement effect when measurements are
conducted near the absorption edge of the material. This effect must be taken into
account when corrections are made from the visible measurement wavelengths to
operating telecommunication wavelengths around 1.5 μm.
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FUTURE PERSPECTIVES
A large number of glass families were engineered in this study in order to
optimize their Raman gain properties. Next steps in this project should involve (1)
optimization of the material processing conditions in order to obtain lower intrinsic losses
and (2) the manufacture of some of the most promising bulk glass compositions into
optical fibers to evaluate and compare the Raman gain response of the fiber to that of the
parent bulk glass. This will also facilitate testing those fibers in a real telecom network
environment to assess the true performance of the Raman optical amplifier.
In addition, from a material’s perspective, the continuation of the effort of the
material selection for the optimization of the spectral bandwidth for continuous and
uniform Raman gain amplification should be pursued. This is a key parameter to avoid
the use of gain flattening devices or multiple pump lasers to achieve an equivalent
bandwidth.
Finally, even though it was not the aim of this dissertation to study chalcogenidebased glasses, one should consider, as a future objective, establishing a comparison
between the Raman gain properties of different chalcogenide glass systems and the
phosphate and tellurite-based glasses studied throughout this dissertation. This study will
allow to find the optimum glass material for the desired Raman gain application.
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